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The role of substratum topography on cell behavior was investigated by preparing
glass substrata with defined surface morphologies using photolithography and plasma
etching. A parallel grooved surface morphology was chosen as the initial surface
texture with groove dimensions in the same order of magnitude as the size of a typical
animal cell.
A highly shear sensitive cell line, AtT-20, was used to study the role of substratum
morphology on cell adhesion. Using a cell adhesion assay based on centrifugal force,
it was shown that confluent cell layers of AtT-20 cells on grooved substrata was more
stable than on the smooth controls. The degree of enhancement of cell-substratum
adhesion was dependent on dimensions of the groove width (w) and groove depth (d).
Improved cell stability on grooved substrata was found to correlate with the efficiency
with which the substratum prevented the formation of an extensive cell-cell network.
The ability of a grooved substratum to prevent cell-cell interactions was a function of its
capability to confine cells in grooves, or its confinement factor. The confinement factor
is a new concept developed in this thesis. Confinement factor was a function of
groove dimensions and could be expressed in terms of 'w' and 'd'. Adhesion
performance correlated directly with confinement factor of the substratum.
Primary rat hepatocytes were used to study the role of substratum morphology on cell
growth and function. Levels of DNA synthesis in hepatocytes cultured on grooved
substrata were, in general, lower than that on the smooth controls. DNA synthesis was
inversely found to be inversely proportional to the confinement factor of the
substratum. In contrast, rate of albumin secretion, a measure of hepatocyte
differentiated function, increased with increased confinement factor. These results
indicated that the effects of substratum morphology on cell physiology was mediated
by the ability of the substratum to confine cells and thereby affect the extent of cell
spreading. This is consistent with data from many independent studies that show that
the extent of cell spreading modulates cell growth and function.
Based on these results, a strategy was devised to better control cell confinement by
manipulating surface chemistry of the substratum. Substrata with cell-adhesive
islands of precise dimensions were fabricated using self-assembled monolayers of
alkanethiols on gold surfaces. These surfaces allowed control over cell confinement
in two dimensions as compared to one in grooved substrata. Studies with these
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substrata showed that DNA synthesis in hepatocytes could be manipulated simply by
changing the size of the underlying adhesive island. Furthermore, substrata could be
patterned such that hepatocytes cultured on them exhibited low DNA synthesis and
improved differentiated function for extended periods of time. These results show that
cell behavior can be controlled by manipulating simple physio-chemical properties of
the substratum, even in the presence of saturating amounts of soluble mitogens and
extracellular matrix.
Thesis Supervisors: Daniel . C. Wang and Gregory Stephanopoulos.
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Chapter 1. Introduction
1.1 Motivation and Problem Statement
Large-scale cultivation of mammalian cells is extremly important for the
production of vaccines and complex recombinant proteins such as erythropoietin,
tissue plasminogen activator (tPA) and monoclonal antibodies. As manufacturing of
these products becomes increasingly competitive, highly sophisticated and efficient
cell cultivation systems need to be developed. A thorough characterization of the cell
microenvironment and its effects on cellular physiology is imperative for the successful
implementation of these culture systems because understanding of the
microenvironment leads to better control over cell growth, productivity and quality of
the secreted product.
During the development of an animal cell cultivation system that utilized porous
ceramic beads, we were faced with the challenge of characterizing cell
microenvironment in the beads. The beads were made of a magnesium aluminate
(MgO. A1203) ceramic and were approximately 500 glm in diameter and 80% porous.
The pores ranged between 1-100 gm in diameter; large enough to host animal cells.
In this system, the cell microenvironment at any site of the bead consisted not only of
the concentration of various nutrients but also the nature of the substratum. Scanning
electron micrographs of the beads showed that the ceramic surface available for cell
attachment was highly rough and jagged (Figure 1.1). Cells readily attached on the
ceramic surface and the material was found to be biocompatible.
During the course of this study, a curious observation was made. Cells at
various locations of the same bead spread differently (Figure 1.2) and, more
14
Figure 1.1. Scanning electron micrograph of a MgO.AI20 3 ceramic bead. The beads
were prepared using the citric method and were approximately 5001~m in diameter and
80% porous.
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AB
Figure 1.2. A.) AtT-20 cells attached on a relatively smooth area of a MgO.AI203
ceramic bead. The cells appear to spread extensively. B.) AtT-20 cells on a different
site of the same ceramic bead as in A. Cells are not spread and appear highly
rounded. Note that the underlying substratum topography is a lot more rough than in
A.
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importantly, the extent of cell spreading appeared to be modulated by the topography
of the underlying substratum. A literature search was conducted to determine if this
phenomenon could result in altered cell behavior. The search revealed that an
impressive body of literature has emerged in the past 15 years which demonstrates a
correlation between the extent of cell spreading (at least in normal cells), and cell
growth and differentiated function (see Chapter 2 for review). This data, in
conjunction with the hypothesis that substratum morphology modulates extent of cell
spreading (or cell shape), suggested that substratum morphology could influence cell
growth and function. There was little data in the literature on this particular issue and
this further motivated us to investigate, systematically and comprehensively, the role of
substratum morphology on cell behavior.
1.2. Thesis Objectives
The overall objective of this research is to systematically elucidate the effects of
substratum morphology on cell behavior and to explain these results via biochemical
or biophysical mechanisms. To acheive this goal, the specific aims are:
a.) To prepare substrata with defined substratum morphologies
b.) To characterize the morphology using suitable surface techniques
c.) To develop suitable assays for measuring cellular response to the substratum
morphology (e.g. cell-substratum adhesive strength)
d.) To explain the difference, if any, in cellular response to different surface
morphologies
e.) Using the principles learnt in the above studies, to design substrata and achieve
better control over cell physiology.
17
It is hoped that the results from this thesis are useful for biotechnology as well
as biomedical applications
1.3. Thesis Organization
This thesis is organized into nine chapters. A comprehensive literature review
on the effects of substratum morphology on cells and tissues is presented in Chapter
2. Details of experimental methods and reagents used in the course of this research
are presented in Chapter 3 on Materials and Methods. Experimental results are
presented and discussed in Chapters 4-7. Chapter 4 deals with the analysis and
characterization of the substrata used in this study. In Chapter 5, the results of cell-
substratum adhesion studies on various substrata are presented. A mathematical
factor based on the dimensions of the surface morphology is introduced that captures
the physics of cell adhesion on non-planar substrata and successfully organizes the
data. Chapter 6 details experiments elucidating the role of substratum morphology on
cell growth and differentiated function. In Chapter 7, an approach is described
whereby the principles learned from the previous experiments are applied to engineer
substrata with defined surface morphology and chemistry to control cell growth and
function. The key conclusions and accomplishements are summarized, and
recommendations for future research are provided in Chapter 8. References for the
entire thesis are shown in Chapter 9. Finally, data from preliminary experiments with
CHO cells is presented in Appendix A.
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Chapter 2. Literature Review
2.1. Cell-Surface Interactions
An understanding of cell interactions with artificial surfaces is important for
designing implant surfaces and substrata for in vitro animal cell culture. A number of
physio-chemical surface properties, including surface composition, surface charge
(Maroudas, 1975), surface energy (Maroudas, 1977; Schakenraad et al., 1986)
surface oxidation (Ramsey, 1984), solidity (Maroudas, 1979), curvature (Maroudas,
1972), and surface morphology (Zingg et al., 1982; Brunette, 1987), have been shown
to affect cell attachment and behavior. Cell attachment to the substratum is almost
always mediated by extracellular matrix (ECM) proteins adsorbed on the surface.
ECM proteins are present in serum, commonly used in cell culture applications.
Surface properties can affect cell attachment by influencing the ability of the
substratum to adsorb protein and/or by altering the conformation of the adsorbed
protein. When cell attachment is not mediated by ECM proteins, surface properties
can affect cell attachment, for example, via electrostatic interactions between the
negatively charged cell surface and the charged culture surface (Curtis et al., 1983;
1986a,b). While much attention has focussed on understanding the effect of surface
properties such as surface charge and energy on cell attachment (Davies, 1988;
Schakenraad et al., 1986), relatively little work has been done to elucidate the role of
surface morphology on cell behavior.
2.2. Surface Morphology and Cell Interations
Despite extensive experimental data on the fundamental role of surface
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morphology on cell behavior, rough or porous surfaces are routinely used in clinical
applications such as orthopedic, dental and cardiovascular prosthesis (Clark et al.,
1974; Haddad et al., 1987; Thomas and Cook, 1985; Thomas et al., 1987). In vivo
studies conducted with such implants have provided useful insights into how cells and
tissues interact with rough substrata. For example, numerous studies have suggested
that porous surfaces can enhance tissue integration with implant surfaces to form
better tissue-implant seals (Haddad et al., 1987). Roughness has been shown to alter
adhesivity of platelets to hydrophobic and hydrophilic surfaces63. Inoue et al. (Inoue et
al., 1987) have conducted in vitro experiments on the orientation of fibroblasts with
smooth and porous surfaces and predicted that geometrical configuration of implant
surface could influence whether a capsule or an oriented fibrous attachment is
developed in relation to implant in vivo. Finally, a number of recent studies with
porous substrata have indicated that surface morphology could affect cell growth and
differentiated function (Blumenthal et al., 1989; Cook et al., 1989). These data
suggested that surface morphology could potentially affect cells in a multiple ways and
a systematic investigation was warranted.
2.2.1. Substrata for In Vitro Studies: Early Studies
Early attempts to study the effects of surface topography on cells and tissues
relied on relatively undefined substrata such as spider webs, plasma clots, scratched
polystyrene, fibers, prisms, woven fabrics etc ( Harrison, 1912; Weiss, 1929; Curtis and
Varde, 1964; Dunn and Heath, 1976). The earliest known response of cells to
substrata with non-smooth morphology was documented by Harrison (Harrison, 1912)
who cultured cells on spiders' webs and showed that it influenced the cell's direction
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of movement. This phenomenon was confirmed by Loeb and Fleisher (Loeb and
Fleisher, 1917) and later by Weiss (Weiss, 1929) by culturing cells on complex
networks of fibrin fibers in a plasma clot. This phenomenon of cell orientation in
response to the underlying substratum topography was described by Weiss59 as
'contact guidance'.
While qualitative studies such as these began to provide insights into how cells
interacted with rough substrata, systematic quantitative studies were needed to
unambiguously ascertain the role of surface morphology on cell behavior. Such
quantitative studies were hampered primarily due to a lack of uniform surfaces with
well defined morphologies.
2.2.2. Towards a defined substratum
First attempts to prepare substrata with relatively uniform surface morphologies
were made by Weiss in 1958 (Weiss, 1958). He used a microlathe to cut a spiral on
plane glass surface which could be approximated as parallel grooves over short
distances. Curtis and Varde (Curtis and Varde, 1964) used silica coated polystyrene
replicas of 25 Lm repeat diffraction gratings to study cell orientation. Ridges were
sections of circles of 31 m diameter. Rovensky et al. (Rovensky et al., 1971,
Rovensky et al., 1974) used grooved polyvinylchloride substrata that were parts of a
disc used in sound recording. In these surfaces, grooves were V- shaped while the
ridges approximated convex cylindrical shape. Clearly, substrata used by Curtis and
Rovensky were complex because they combined properties of both cylinders and
grooves. Ohara and Buck (Ohara and Buck, 1979) prepared grooved substrata by
mechanically cutting grooves using a diamond stylus with spacings between 5 and 30
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gAm in a plastic culture dish.
While these were extremely useful studies, they suffered from numerous
problems. All the techniques to prepare the textured substrata lacked flexibility in
dimensions. Furthermore, the surfaces were complicated due to heterogeneities
introduced during cutting. As a result, studies were limited mostly to contact guidance
and the results were, on many occasions, ambiguous.
These problems were solved recently with the use of photolithography, a
technique commonly used in microelectronics processing, to prepare substrata with
well-defined morphologies. Using this technique, features in the range of micrometer
could be etched precisely and uniformly on a variety of substrata such as silicon,
plastic and glass. Because a typical animal cell is a few micrometers in diameter
(10-20 Im), surface textures generated using photolithography are ideal for studying
cell and tissue responses to different surface morphologies. The technique is flexible
enough to allow a wide variety of textures and feature sizes. A multiple parallel
grooved morphology has been used in most studies perhaps because it is simple and
easy to interpret.
Because of the advantages described above, researchers in a number of
laboratories have resorted to photolithography techniques to prepare culture substrata
with well defined surface morphologies and investigate various aspects of cell
behavior both in vitro and in vivo. A variety of different materials, such as titanium
coated silicon (Brunette et al, 1983, Brunette, 1986a, 1986b, 1988; Chehroudi et al.,
1990, 1992), glass (Singhvi et al., 1992), quartz (Dunn and Brown, 1986; Wood,
1988), silicon dioxide (Meyle et al., 1991) and perspex plastic (Clark et al., 1987,
1990), have been used to prepare grooved surfaces. The range of groove dimensions
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were chosen according to the objective of the study and in each application, various
protocols based on photolithography and plasma etching were used. Recently, a
further refinement of this technique was used (Clark et al.,1991) to study the effects of
ultrafine grooves on cell alignment. The ultrafine topography was prepared by using a
modified laser holographic method used to define masks for X-ray printing. Table 2.1
summarizes the methods and the range of topographical dimensions used in most of
these studies.
Any protocol utilizing photolithography and plasma etching for textured
substrata production must address the issue of chemical homogeneity between the
etched and unetched regions. Plasma etching is known to alter surface properties.
For example, polystyrene surfaces are known to become hydrophilic upon treatment
with plasma (glow discharge). Clark et al. (Clark et al., 1987). who used perspex
plastic in their studies, reported heterogeneity in surface energy between the etched
and unetched portion. The authors claimed to have solved this problem by re-
exposing the entire surface to oxygen plasma (blanket etching) at the end of the
process. Wood62 admitted that this was a problem in his work with quartz. He argued
that the effect of microheterogeneity between the etched and unetched regions on cell
behavior would be minor compared to that of surface morphology.
Surface homogeneity with respect to surface chemistry and surface energy
must, however, be proven. Further, if serum is used in the culture, surfaces should be
characterized after treatment with serum to show whether the "all important" protein
adsorption to the etched and unetched regions is any different. Sophisticated
techniques for surface analysis such as Auger spectroscopy or X-Ray Photoelectron
spectroscopy (XPS) are now routinely available. A recent book addresses this issue
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Substratum Surface Topggralhv: Cell/Tissue Phenomenon Reference
Material Preparation Characteristic Studied Studied N.
Glass cover Spider webs Fibers Neural tissue Migration Harrison
slips Lymph clots (1912)
Glass cover Stresse Fibers P skin Migration Loeb &
slips lasma clots explants Fisher (1917)
Glass Stressed Fibers Chick embryo Migration Weiss (1929)
plasma clots
Glass Microlathe ParaeT Chick embryo Migration Weiss (1958)
grooves
Si coated Diffraction Parallel Chicken Contact Curtis &
polystyrene grating grooves; heart inhibition, Varde (1964)
replicas w=25gm, fibroblasts Contact
r=31pm guidance,
spreading
Polyvinylchl- Discs for Parallel Chicken Migration, Rovensky et
oride (PVC); sound grooves; s= embryo attachment, al. (1971)
Nickel; PE; recording 25gpm, ridges fibroblasts, Contact
PMMA arc of circles Mouse L guidance
fibroblasts
Glass Fibers, convex, Chicken Contact Dunn &
Prisms concave heart guidance Heath (1976)
curvature fibroblasts
Polystyrene Scratching undefined Fibroblasts, Migration, Rich & Harris
roughness macrophages adhesion (1981)
Plastic; Epon Mechanical V-shaped Chick heart Ohara &
replicas, fish cutting with parallel fibroblasts, guidance Buck (1979)
scales diamond grooves; s= pig kidney
stylus, 5, 30pm; fine epithelial
scratching grooves cells
Glass Diamond V-shaped Chick heart Contact Dunn
stylus parallel fibroblasts guidance, (1982)
grooves; w= spreading
2,4rnm; s =
2,4,8,16jim
Titanium (Ti) Photolith, V-shaped Human Migration, Brunette
coated silicon plasma etch grooves, w= gingival orientation (1983)
(Si) 70, 130 pm; s explants,
=80, 140pm porcine
epithelial
Ti coated Si, Photolith, V- shaped Hman Orientation, Brunette
Epon plasma etch and vertical gingival migration, (1986)
Parallel fibroblasts spreading
grooves; w =
34- 162pm, r
= 24-96pgm; d
= 5 - 92nm
i coated Si, Photolith, V-shaped porcine Orientation, Brunette
Epon plasma etch and vertical peridontal migration, (1986)
parallel epithelial spreading
grooves;
d=0.5-60jum,
s = 4.9- 220
U U I~
Table 2.1. Summary of studies conducted to elucidate the role of surface morphology on cell
physiology. In studies with parallel grooved substrt 4 , d = groove depth, w = groove width, r = ridge
Surace
Photolith,
plasma etch
Photolith,
plasma etch
Photolith,
plasma etch
Photolith,
plasma etch
Photolith,
plasma etch
Laser
holography,
microelecttro
nic
fabrication
techniques
Photolith,
plasma etch
Photolith,
plasma etch
on Silicon,
Solvent-
castinq PS
ToDoraDhv:
Characteristic
Dimensions
V-shaped
parallel
grooves, w =
V-shaped
grooves, d=
3-22,pm, s=
7-391m
Vertical
parallel
grooves; w=
1-4Wm, r = 1-
3.61n, d=
1.21m
Vertical
parallel
grooves; w=
r=1, 1.5,2
Im d =1 Am
Vertical
parallel
grooves; s=
4-24pnm, d =
0.2-1.91um
Parallel
grooves; w =
130 nm, r
=130nm, d=
100, 210, 400
nm
Vertical
parallel
grooves, s
=10m, d
=2lwm
Parallel
grooves; w=
bIm, d = 0.5,
5pm
CellTissue
Studied
Epithelial
Epithelial,
connective
tissue
Teleost fin
mesenchyme
Human
gingival and
dermal
fibroblasts
Baby hamster
kidney, Chick
embryo
neurons,
MDCK
Baby hamster
kidney, Chick
embryo
neurons,
MDCK
Chick embryo
fibroblasts
Rat bone
cells
Phenomenon
Studied
Attachment
Contact
guidance,
epithelial
downgrowth
Contact
guidance
Attachment,
shape
conformation
Topographi-
cal guidance
Topographi-
cal guidance
Migration
DNA, ECM
protein
synthesis
Reference
Brunette
(1988)
Brunette
(1988)
Wood (1988)
Meyle et al.
(1991)
Clark et al.
(1990)
Clark et al.
(1991)
Schutze et al.
(1991)
Chemsal
(1989)
width (space between grooves), s
Table 2.1. Continued.
= pitch or repeat spacing.
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Substratum
Material
'l' coated i
-i coated i
Quartz
SiO2
Perspex
plastic
Quartz
Glass
Polystyrene
(PS)
and provides excellent reviews on surface analysis techniques (Ratner, 1988).
Certain protocols, such as the one used by Brunette et al. (Brunette et al., 1983;
Brunette, 1986) appear to avoid this problem altogether. In their protocol, grooved
silicon surfaces are prepared using photolithography and plasma etching. These are
then used as templates to prepare epoxy replicas. Finally, the replicas are coated with
a thin film of titanium. Clearly, this results in completely homogenous grooved titanium
surfaces.
2.2.3. Cell Interaction Studies with Defined Substrata
Availability of defined surfaces from photolithography has allowed systematic
studies on the effects of surface morphology on cell behavioral properties such as cell
spreading (Dunn and Brown, 1986), attachment (Brunette, 1988; Singhvi et al., 1992),
and growth and differentiated functions (Hong and Brunette, 1987; Chesmel et al.,
1989). Such surfaces have also been used to address several fundamental questions
in biology such as mechanisms of contact guidance (Brunette, 1986, 1988) and cell
migration (Schutze et al., 1991). A summary of these studies is presented in Table 2.1
and some of the recent work is discussed in the following paragraphs.
2.2.3.1 Cell Spreading and Migration Studies
We mentioned that cells orient themselves in response to the underlying
surface morphology. This phenomenon, called contact guidance, has been proposed
to be a mechanism for the invasion of tumor cells (Curtis and Varde, 1964). Because
cell migration and contact behavior is central in understanding cancer metastasis,
contact guidance has attracted great interest since its discovery. Topographical
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control of animal cells is also believed to be an important factor in determining cell
movement during development (Clark et al., 1990). A number of hypotheses have
been proposed to explain contact guidance. For example, Weiss (Weiss, 1945)
suggested that a colloidal exudate helped orient the cells along the long axis of a fiber.
Rovensky et al.(Rovensky et al., 1971) studied cell migration and orientation on
grooved substrata and concluded that cell guidance due to topographical features was
a result of differences in the attachment of cells to surfaces with various geometrical
configurations. Dunn and Heath (Dunn and Heath, 1976) used fibers of different
diameters to propose that cells demonstrated contact guidance because they tend to
avoid discontinuities in their movement. Using prism-shaped substrata, they showed
that substratum morphology and shape impose restrictions on the formation of linear
bundles of microfilaments that are important in cell adhesion and locomotion. Ohara
and Buck (Ohara and Buck, 1979) used grooved substrata with features smaller than
the cell size and showed that cells were sufficiently rigid to bridge over surface
irregularities. They proposed that focal contacts can only form on crests of grooved
substrata and such a restriction influences the direction of cell movement.
Only recently, with the routine availability of micromachined grooved substrata,
have many of the contact guidance hypotheses been put to test. The quest for
elucidating mechanisms of contact guidance has been the prime motivation for a
majority of workers to use defined grooved substrata in their studies (Clark et al., 1987,
1990, 1991; Dunn, 1982; Wood, 1988). Brunette (Brunette, 1986a,b) examined the
orientation of fibroblasts and epithelial cells on V-shaped grooved substrata and found
that varying repeat distance and groove depth had relatively small effect on the degree
of orientation; although the feature dimensions used in this study were mostly larger
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than the size of a typical cell (Table 2.1) . This and subsequent studies by Brunette
and coworkers showed that cell orientation was dependent on groove depth and that
cells were able to change shape by conforming to the underlying surface morphology
(Chehroudi et al., 1990, 1992; Hong and Brunette, 1987). Dunn and Brown (Dunn and
Brown, 1986) used grooved substrata with varying groove width, ridge (space
between grooves) and grooved depth and applied regression analyses to show that
for chick heart fibroblast, cell alignment was most dependent on ridge width. Cell
alignment was found to be inversely proportional to ridge width. Wood (Wood, 1988)
used teleost fin mesenchyme cells, a cell type that is known to be contact guided in
vivo, to study contact guidance on microfabricated parallel grooved substrata. Using
repeat spacings between 1.8 to 7.4 gtm and a constant groove depth of 1.1 gAm, he
showed that the highest cell alignment was observed on the highest repeat spacing
substratum. In another study, Clark et al (Clark et al., 1990) used parallel grooved
substrata with varying dimensions (4-24 m repeat spacings and 0.2-1.9 Am grooved
depth) and three cell types (Baby Hamster Kidney (BHK), Madine-Darby Canine
Kidney (MDCK) and chick cerebral neurons), to show that repeat distance had a small
effect while groove depth had a more significant effect in determining cell alignment.
They also showed that the susceptibility to topography is cell type dependent and that
it depends on whether or not cell-cell interaction is allowed. In a subsequent study,
Clark et al.(Clark et al., 1991) used parallel grooved substrata with ultrafine features
(260nm period and 100-400 nm deep) to "mimic the topography of aligned fibrillar
extracellular matrix". They found that the degree of alignment was again dependent
on depth and the control of cell behavior by topography at this scale was strongly
dependent on cell type and cell-cell interactions. This study appears to contradict the
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hypothesis proposed by Ohara and Buck because if the cells were simply bridging the
grooves (for subcellular features), there would be no effect of groove depth. In
summary, the above studies indicate that the degree of cell alignment on parallel
grooved substrata is a strong function of groove depth and a weaker function of repeat
spacing. Groove dimensions in these studies were comparable to the size of a typical
cell (Table 2.1).
The fundamental cell behavioral property of contact guidance exhibited by
grooved substrata has recently been applied to improve performance of dental
implants. Chehroudi et al.(Chehroudi et al.,1990,1992) showed that percutaneous
dental implants with parallel grooved surfaces resulted in an inhibition of epithelial
downgrowth, a severe problem that leads to implant loss. The optimal design of these
implant surfaces was possible solely due to the flexibility and precision offered by
micromachining.
The mechanism by which substratum morphology affects contact guidance is
still not completely clear but the studies with defined substrata have and will continue
to provide useful insights into this and other poorly understood responses of cells to
topographical cues. For example, in another fundamental study on cell migration,
Schutze et al. (Schutze et al., 1991) utilized parallel grooved glass substrata to show
that the position of the microtubule-organizing center (MTOC) in directionally migrating
fibroblasts was dependent on the nature of the substratum.
2.2.3.2 Cell Attachment and Adhesion Studies
Porous, rough and textured surfaces have been used for several years in
medical and dental implants. The underlying assumption in these designs is that the
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increased surface areas would improve cell adhesion and tissue ingrowth and result
in a mechanically stable device. Although, a number of in vivo studies with orthopedic
implants have shown that this is true to a certain extent (Haddad, 1987, Thomas and
Cook, 1985, Thomas et al., 1987), very few well defined and systematic in vitro studies
have been conducted to elucidate the effect of surface morphology on cell adhesion.
Adhesion of cells to rough substrata was investigated by Rich and Harris in
1981 (Rich and Harris, 1981). They created rough polystyrene surfaces by scratching
a smooth surface with a fire-polished end of a glass rod and showed that normal and
transformed fibroblast cells preferred the smooth surface and shunned away from the
roughened areas. In contrast, macrophages preferred the rough surface, a behavior
the authors named rugophilia (rugo, rough; philia, love). One of the concerns in this
work has been the possibility of differences in surface chemistry between the smooth
and roughened areas of the dish. Because this possibility cannot entirely be ruled out,
the observed cell behavior cannot be attributed to differences in surface roughness
alone. Nevertheless, the finding that different cell types react differently to surface
roughness is of extreme importance in implant design because more than one cell
types are expected to interact with the surface.
With the supply of uniform micromachined surfaces, more well-defined
experiments to study cell adhesion on rough substrata have been possible. Brunette6
studied cell attachment on titanium grooved substrata (groove width 4 glm, depth 3 Im)
and showed that epithelial cells attached with greater efficiency on grooved substrata
than on a smooth surface. The increase in the number of attached cells was not found
to be due to the increased surface area of the grooved substrata. In another recent
study, Meyle et al. (Meyle et al., 1991) used parallel grooved substrata with subcellular
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feature dimensions and showed that fibroblasts conformed to the contours of
underlying substratum morphology. They concluded that this resulted in mechanical
interlocking and reduction in interfacial motion and hypothesized that this could be a
strategy to improve tissue attachment to implant surfaces.
2.2.3.3 Cell Growth and Function Studies
Several recent studies with textured, but not well-defined, surfaces have
suggested that surface morphology could be playing a much broader role in
influencing cell behavior. Cook et al. (Cook et al., 1989) cultured MDCK cells in vitro
on microporous membranes and showed that the differentiated state of MDCK cells
could be regulated by the microporosity of the surface. Cima et al. (Cima et al., 1991)
speculated that surface texture could affect hepatocyte growth and function.
Blumenthal (Blumenthal, 1989) showed that roughened titanium surfaces enhanced
hydroxyapatite formation by osteoblast-like cells in vitro. Data from such studies has
suggested systematic investigation of surface morphology effects on cell growth and
function.
A literature search revealed two attempts to address this issue. Hong and
Brunette (Hong and Brunette, 1987) cultured diploid epithelial cells obtained from
porcine periodontal ligaments (PLE) on V-shaped parallel grooved titanium substrata
with 60 gm deep grooves and 92 Im repeat spacings. They showed that secretion of
proteinases such as neutral protinase and plasminogen activator by these cells on the
grooved substrata was significantly higher than on smooth flat substrata. In another
study, Chesmel et al. (Chemsel et al., 1989) cultured bone cells isolated from neonatal
rat calvaria on micromachined grooved polystyrene culture dishes with 5 m wide
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grooves which were either 0.5 gAm or 5 pm deep. The authors found that surface
morphology and chemistry had a synergistic effect on bone cell protein synthesis and
this could not be predicted from the responses to the individual features alone.
2.2.3.4. Cell Spreading and Cell Behavior
A number of laboratories have reported that the extent of cell spreading or cell
shape is a major determinant of cell growth (Folkman and Moscona, 1978; Ingber,
1990; Iwig et al., 1980; Iwig et al., 1981). Cell growth has also been found proportional
to nuclear spreading (Ingber et al., 1987; Sims et al., 1992). An impressive body of
literature has emerged in the last decade demonstrating that cell shape also controls
gene expression of ECM proteins (Ben-Ze'ev, 1987; Li et al., 1987; Ben-Ze'ev, 1991),
mRNA stability (Mooney et al., 1992) and differentiated function of cells (Bissell and
Barcellos-Hoff, 1987; Glowacki et al., 1983; Lee et al., 1984; Li et al., 1987). Because
ample evidence exists to indicate that substratum morphology alters the extent of cell
spreading and cell shape (Hong and Brunette, 1987; Rovensky et al., 1971), it has
been hypothesized that substratum morphology could affect cell growth and function
by modulating cell and nuclear spreading (Brunette, 1988; Singhvi et al., 1992).
Hong and Brunette concluded that differences in proteinase secretion by
diploid epithelial cells on grooved substrata was mediated by differences in cell
shape. Several methods to modify cell shape, such as mechanical stretching, growth
on poly-2-hydroxyethyl methacrylate (PolyHEMA, a less adhesive substratum), and
exposure to cholera toxin and 12-o-tetradecanoylphorbol-13-acetate, were used to
show that the increase in proteinase secretion was correlated with changes in cell
shape. The authors proposed that growth of PLE cells on grooved substrata resulted
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in more round cells but did not attempt to investigate how changing feature sizes of the
grooved substratum affected cell shape and proteinase secretion. Their conclusion
was also based on a rather qualitative assessment of cell shape.
2.3. Summary and Potential
Availability of substrata with uniform and well defined surface morphologies,
prepared using techniques such as photolithography and plasma etching, have
facilitated a systematic investigation into the role of substratum morphology on cell
physiology. These studies have provided new insights into previously known effects,
such as contact guidance. For example, it has been shown that interaction of cells
with substrata with non-planar surfaces depends on the dimensions of the underlying
topography. The response to topography is dependent on cell type and can be
different for the same cell depending on whether or not cell-cell interactions are
allowed.
Recent studies suggest that substratum morphology may impact cell physiology
in many previously unknown ways, such as on cell growth and differentiated function.
The effects on cell growth and function appear to be mediated via modulation of cell
shape by the underlying surface morphology. Subtle differences in dimensions of the
underlying topographical features could translate into significant differences in cell
behavior. Clearly, substratum morphology appears to an important surface parameter
and it can be exploited to optimize substrata for implants and in vitro cell culture.
While the importance of surface texture is well recognized in the field of implant
design, it has not received much attention in culture of animal cells in vitro. The data
reviewed in this paper makes two important points that can potentially impact industrial
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cell culture. First, for systems that contain textured surfaces, such as porous ceramics,
porous collagen, titanium metal plate reactors etc., performance of cell cultures could
be affected by the underlying substratum morphology. Depending upon the cell type,
the outcome could be adverse or beneficial. Secondly, because substratum
morphology affects cell physiology, there is an opportunity to design surfaces of
common cell culture substrata with surface textures that can lead to improved culture
performance. It should be emphasized that the surface morphology has to be of the
same order of magnitude as a cell for the growth, function or adhesion to be affected.
We are aware of commercially available roller bottles that have a corrugated surface
where the surface morphology is at least two orders of magnitude greater than the cell
size. The motivation in this design is to increase surface area. Cell behavior is not
expected to be affected because to the cells, the surface appears smooth.
Further opportunities exist in improving implant performance by optimizing
surface morphology. Chehroudi et al. has shown how fundamental understanding of
cell response to grooved substrata can be used to design better dental implants.
Elucidation of cell behavior with respect to cell growth and differentiated function
should similarly help design better implants. Design of the surface texture will again
be motivated from the understanding that substratum morphology modulates cell
shape which, in turn, affects cell growth and function. For example, maintenance of
hepatocyte function in vitro has been shown to correlate with extent of cell spreading
(Mooney et al, 1992). Hepatocytes dedifferentiate if they are allowed to spread
extensively. A surface morphology that can inhibit hepatocyte spreading, yet keeping
them attached, should help maintain them in a differentiated state.
New developments in cell biology continue to provide new hypotheses. For
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example, anchorage of cells (or cell shape) has recently been shown to affect
post-translational modifications (Kabat et al., 1985). These results indicate that
modulation of cell shape by surface morphology could affect protein processing
events, such as proteolysis and glycosylation, in cultured cells.
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Chapter 3. Material and Methods
3.1 Preparation of Substrata with Defined Morphology
Highly polished glass (Corning 7740) wafers were purchased from Mooney
Precision Glass Co. (Huntington, WV) for use in all experiments described in this
thesis. Glass wafers were circular with a diameter of either 0.7 inch or 4 inch and
thickness of 0.023 inch. Surfaces of these glass substrata were modified with the
desired surface morphology using methods of microelectronics processing. The
overall flow chart of the process used is shown in Figure 3.1 and the specific details of
each step are described below.
3.1.1 Mask Design and Preparation
The process begins with the selection of the desired surface morphology and
feature dimensions. A simple parallel grooved morphology was chosen in this study to
facilitate data interpretation (Figure 3.2). The size of groove width (w) and spacing
between grooves (r) was chosen based on the size of a typical mammalian cell
(diameter 10 - 20g1m). Once the surface morphology was selected, a master template
of this design, called a mask, was generated.
A computer program called 'kic' (University of California, Berkeley), developed
for designing integrated circuits, was used to generate a 2 inch x 2 inch pattern of
parallel grooves on a computer (VAXstation II/GPX, DEC, MA). Data from the
computer was transferred to a pattern generator (Gyrex model 1005A, USA). The
pattern generator transferred the design to a chromium coated quartz plate (5 inch x 5
inch, Precision Photoglass, USA) using a contact printer (Oriel) and a developer
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(Advance Process Technology, USA). The chromium plate (mask) now contained the
desired pattern. All masks were prepared at the Microsystems Technology
Laboratories (MTL) at MIT.
3.1.2 Glass Substrata with Grooved Surface Morphology
Masks were used as templates to transfer the desired pattern onto glass
substrata using photolithography and plasma etching. Individual steps in this process
are described as follows.
3.1.2.1 Precleaning Wafers for processing
Glass wafers were cleaned in a hot piranha solution, which was prepared by
mixing 3 volumes of concentrated sulfuric acid (H2SO4 ) with 1 volume of 30%
hydrogen peroxide (J.T. Baker). Piranha cleaning was performed for 10 minutes in a
acid-hood (Laminaire) located in the MTL at MIT. The glass wafers were then rinsed
profusely with double distilled water in an automatic rinser and then dried with dry N2
in a wafer dryer (Semitool, USA). Glass wafers were dehydrated in a 200C oven for
at least 8 hours prior to further processing.
3.1.2.2 Aluminum evaporation
After dehydration, the wafers were coated with a thin layer of aluminum (Figure
3.1b). The aluminum coating was performed in two different systems. For the 4 inch
wafers, an electron beam (e-beam) evaporator (Temescal, model VES 2550) was
used along with a film deposition controller (FDC-8000) and a power supply
(Temescal CV-14) to deposit a 1 m film of aluminum. This procedure was performed
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in the Technology Research Laboratories (TRL) of the MTL at MIT.
A vacuum evaporator (Dottie) was used at 5 x 10-5 torr to deposit a 0.25 gAm film
of aluminum on the 0.7 inch glass wafers. This procedure was performed in the
Microelectronics Laboratory of the Center for Material Science and Engineering at MIT.
3.1.2.3 Photolithography
Aluminum coated glass wafers were dehydrated at 200'C for at least 8 hours
before further processing. Dehydrated wafers were coated with a 1 pgm layer of a
positive photoresist (KTI 820/27 centistokes, Union Carbide) using a spin-coater
(Solitec, USA). The wafer was centered on the spin-coating chuck and secured by
applying vacuum. Photoresist was poured on the wafer and the chuck spun at 5000
RPM for 30 seconds to create a uniform coating of 1m (Figure 3.1c). Non-uniform
coating resulted when the wafer was not properly centered. After coating, the wafer
was removed from the chuck and placed in a constant temperature oven (Blue M,
General Signal, USA) at 90'C for 30 minutes. Next, the wafer was placed in an aligner
(Karl Sss, Germany) along with the mask that contained the desired pattern. The
wafer was positioned below the mask, in contact with the "chrome side" of the mask.
The contact between the mask and the wafer was enhanced by applying vacuum
between the interstitial space between the two. The mask was then irradiated with
ultra violet (UV) light from top at an intensity of 11 mw/cm2 for 2.5 seconds (Fig. 3.1d).
The photoresist coated wafer, placed below the mask, was exposed with UV light
through the clear regions of the mask that allowed the UV light to pass through.
Exposure of UV light rendered the positive photoresist labile to a chemical, called a
developer (KTI 934 1:1, Union Carbide; chemical name: tetra methyl ammonium
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hydroxide). The wafer was removed from the aligner and exposed to this developer
for 40-50 s in a swirling motion. The exposed photoresist was removed by the
developer resulting in a patterned photoresist (Figure 3.1 e). The wafer was rinsed in a
stream of deionized water for several seconds and dried in a stream of dry nitrogen
gas. The aluminum layer below the photoresist was exposed in the areas where the
resist was removed. The wafer was inspected under a light microscope (Nikon
Optiphot, Japan) to confirm that no defects in the pattern existed. The wafer was also
examined in a fluorescent microscope to confirm that all the photoresist was removed
from the exposed areas (photoresist appears red and aluminum black under a green
fluorescent filter). If the processing was satisfactory, the wafer was baked at 120C for
30 minutes.
Next, the exposed aluminum on the wafer was removed using an aluminum
etching solution (Transene Co., Rawley, MA; chemical composition: 80% phosphoric
acid, 5% glacial acetic acid, 5% concentrated nitric acid, 10% water) at 50°C. Under
these conditions, aluminum was removed at a rate of 0.1 gIm/s. This step was
performed very carefully in an acid-hood and the wafer was watched continuously
because a slight overexposure of the Al etchant resulted in the removal of the
aluminum below the photoresist. Next, the wafer was rinsed profusely with several
volumes of deionized water, dried with N2 and inspected in a light microscope to
confirm complete removal of aluminum (Figure 3.1f).
3.1.2.4 Plasma Etching
The aluminum etch resulted in the transfer of the desired pattern to the
aluminum layer. The final step was to etch the exposed glass that resulted after the
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aluminum etch. This could be accomplished by either a wet etch, involving a chemical
glass etchant such as hydrofluoric acid (HF) or Buffered Oxide Etchant (BOE,
composition: 1:7 40% hydrofluoric acid: ammonium hydroxide), or by a dry etching
process, such as plasma etching. Pure HF could not be used because it was too
strong and etched the aluminum as well. BOE was successful in etching the glass in a
controlled manner but because wet etching is isotropic, grooves deeper than 2 gm
could not be etched due to severe undercutting. Therefore, a protocol based on
plasma etching protocol was developed.
SiO2 (bulk of Corning 7740 glass) is known to be etched, at a controlled rate,
with a CF4 plasma in combination of CHF3 and Ar. Such a plasma is a combination of
a reactive ion etch (via the chemical reaction of F- ions with Si to produce SiF6) and
physical etching (via bombardment of Ar ions on the glass surface). An industrial
plasma etcher (Applied Precision 5000, Applied Materials, Santa Clara) was used for
etching the 4 inch wafers under the following conditions:
Gas Mixture: CF4 = 9 sccm, CHF3 = 30 sccm, Ar = 60 sccm
Power: 550 W
Chamber Pressure: 70 mtorr
Magnetic Flux: 70 gauss
The plasma chamber was equipped with a magnetic field to facilitate uniform
etching on the entire wafer. Under these conditions, the residual photoresist was
etched immediately and glass was etched at a rate of approximately 48 A/s. As
intended, the aluminum was resistant to the plasma etch and therefore acted as a
good mask. The exposed glass was selectively etched resulting in the formation of a
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grooved surface morphology (Figure 3.1f,g). The depth of the grooves could be
controlled by changing the time of exposure of the plasma. This was obviously limited
by the eventual etching of the aluminum mask which occurred in approximately 10
minutes of exposure to plasma. Undercutting was significantly reduced with plasma
etching but was not completely eliminated. Dimensions of the grooves and ridges
were significantly different from the original mask design. These were characterized
using scanning electron microscopy on the different substrata (described in detail in a
later section). This work was conducted at the Plasma etching laboratory of Prof.
Sawin in the Chemical Engineering department at MIT.
Plasma etching on the smaller wafers (0.7 inch diameter) was conducted in a
different system because the AP 5000 could not accommodate wafers smaller that 4
inch diameter. The etching was performed in a reactive ion etch (RIE) system (Waf'r
Batch 700 series, Plasma-Therm, Inc., USA). The residual photoresist from the wafer,
remaining after the Al etching, was removed first by exposure to an oxygen plasma in
the RIE system, at a base pressure of 10-5 torr, and an oxygen pressure of 30 mtorr.
The exposed glass was etched using a CF4 plasma (70 mTorr CF4 pressure) at 10-5
torr base pressure in the same equipment. Etching was much slower compared to the
AP 5000 and it proceeded at a rate of 3 A/s. The depth of etching was again controlled
by the exposure time to plasma. This work was performed in the microelectronics
laboratory in the Center for Material Science and Engineering at MIT.
3.1.2.5 Cutting and Cleaning Grooved Glass Wafers
A computer controlled dicing saw (model DAD-2H/5, Disco Abrasive Systems,
Japan) was used to cut the 2 inch x 2 inch patterned area from each 4 inch glass wafer
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to produce 4 identical 1 inch x 1 inch square pieces (Figure 3.3). A circular silicon
carbide (SiC) blade (cat. no. DPAP 0457) with dimensions of 58 x 0.25 x 40 cm was
used for cutting the glass. The parallel grooved 1 inch2 square glass pieces were
cleaned by exposing them to a piranha solution for 10 minutes followed by a wash in
buffered oxide etchant (BOE, composition: 1:7 40% hydrofluoric acid : ammonium
hydroxide) for 20 minutes. Since BOE etches glass, the BOE wash was included to
remove an outer, possibly plasma damaged, layer of the etched glass substratum.
The wafers were finally placed in a piranha solution for another 10 minutes to
complete the cleaning process. These glass substrata were used repeatedly in
numerous replicate cell culture experiments. The cleaning protocol for all replicate
experiments required a single clean in piranha solution for 20 minutes. No further
exposure to BOE was required after the initial cleaning.
Cleaning was followed by a thorough wash in deionized water and drying in a
stream of dry nitrogen. The cleaned glass substrata were wrapped individually in
aluminum foil and autoclaved for 30 minutes.
3.1.3 Surface Characterization
3.1.3.1 Groove Dimensions
After processing, dimensions of groove and ridge width were characterized by
taking micrographs of the substratum in a scanning electron microscope (SEM) at
several sites on the substratum. A recent innovation in traditional SEM technology,
called an environmental scanning electron microscope (ESEM, Elecroscan,
Wilmington, MA), was used. An ESEM was used because, unlike conventionally
electron microscopy, it is not required to coat a non-conducting specimen, such as
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Figure 3.3 Preparation of Grooved Glass Substrata for Cell Culture
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glass, with metal (generally gold). By avoiding this step, any need for removal of metal
and potential surface contamination were circumvented. An example of an ESEM
image of a grooved substratum is shown in Figure 3.4a. Using several images from
the same substratum, an average value of the groove dimensions was obtained.
Photographs were taken using a Polaroid camera connected to the microscope. An
instant film (Polaroid 55) was used for photography. Alternatively, a video copy
processor (Mitsubishi, P40U) was used to get pictures of the substratum.
Groove depth was assessed using a profilometer (Dektek II) with a mechanical
stylus. The sample was placed on a stage and the stylus allowed to descend on the
substrate. The stage was then moved while keeping the stylus stationary. A scan of
the cross-sectional profile of the glass surface was obtained from this procedure. A
stylus with a 2.5 Im diameter tip was used. It was found to be sufficiently small to
satisfactorily scan the profile of all grooved substrata used in this study. A typical
printout of a profilometer scan is shown in Figure 3.4b. It corresponds exactly to the
ESEM image in Figure 3.4a. These two data, in combination, were sufficient to
characterize all the feature dimensions of the grooved surfaces.
3.1.3.2 Surface Elemental Analysis
Auger spectroscopy (using Perkin Elmer model 660) was used to determine the
surface elemental composition of the plasma etched and non-etched areas of the
grooved substratum. The principle of this method is that all elements emit electrons
called Auger electrons when they are impinged with high energy electrons. The Auger
electrons emitted by each element have unique energies and thus, when detected,
they become a marker for specific elements. Auger spectroscopy was selected from a
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AB
Figure 3.4 Characterization of groove dimensions by scanning electron microscopy (SEM)
(A) and profilometry (B). Groove width (w) and ridge width (r) were measured using SEM
photographs. Groove depth was obtained from the profilometer scan. An average value
of numerous samples was used.
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host of powerful surface analysis tools, including X-ray Photoelectron Spectroscopy
(XPS) and Secondary Ion Mass Spectroscopy (SIMS). XPS was rejected because the
spatial resolution of XPS was several hundred micrometers which was too high to
differentiate the etched and non-etched regions (max 30 gm wide strips). SIMS is a
destructive technique and it results in removing material for surface analysis and thus
was not suitable for our substrata. Auger spectroscopy has a spatial resolution of less
than 2 m, it is non-destructive and is sufficiently sensitive. One problem with Auger
spectroscopy with non-conductive materials, such as glass, is that when they are
impinged with electrons, an excessive charge builds up on the surface. This problem
was alleviated by covering the entire glass surface with an aluminum foil except for a
small circular area in which the surface analysis was conducted. An example of the
elemental profile from an Auger electron detector is shown in Figure 3.5. This profile
shows the existence of silicon, carbon and oxygen in a glass sample. Auger
spectroscopy was carried out at the surface analysis facility of the MIT Center for
Material Science and Engineering.
3.2 Cell Culture
Three varied cell types were used in this thesis. They were: 1.) AtT-20, a cell-
line derived from the mouse anterior pituitary gland and transfected with the human
proinsulin gene. 2.) primary rat hepatocytes, isolated fresh from rat liver and, 3.)
Chinese Hamster Ovary (CHO) cells, an established cell line transfected with the
human interferon y (IFNy) gene. These different cell types were used for specific
reasons that will be described in subsequent chapters. Details of cell culture for each
of these cell types are described in the following sections.
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Figure 3.5 Typical scan from Auger Spectroscopy
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3.2.1 AtT-20
3.2.1.1 Cell Culture and Maintenance
AtT-20 cells were maintained in our laboratory using Dulbecco's Modified
Eagles Medium (DMEM, Gibco BRL, NY) supplemented with 10% fetal bovine serum
(Sigma), 4 mM L-glutamine (Sigma), 100 units/ml penicillin and 100 !g/ml
streptomycin solution (Sigma). This growth medium was designated Complete DMEM
(CDMEM). A serum-free medium for inducing secretion in these cells was formulated
by G. E. Grampp (Grampp, 1992) in our laboratory. This medium consisted of DMEM,
10-5 M isoproterenol (Sigma) and 1 mM isobutyl methyl xanthine (Sigma).
The culture was started by rapidly thawing out a vial of frozen cell stock in a
37C water bath. The cryopreservative agent, dimethyl sulfoxide (DMSO), was
washed out of the thawed medium by resuspending the cells in 5 ml CDMEM,
spinning down the cells at 150 g for 5 minutes, discarding the supernatant and
resuspending the cells in fresh DMEM. This cell suspension was seeded in a 25 cm2
T-Flask (Corning). The cells multiplied with a doubling time of approximately 28 hours
and had the ability to grow in multilayers. A cell density of up to 8x105 cells/cm2 could
be attained in T-flask cultures. Cells were fed every 2-3 days and were typically split
1:4 to 1:6 every 5 days. Cell splitting was accomplished by aspirating the medium and
incubating the cells with a solution of 0.5% (w/v) trypsin and 0.2% (w/v)
ethylendiamine tetraacetic acid (EDTA) for 5 minutes to detach them. The trypsin was
neutralized with at least twice its volume of complete medium. These cells tended to
clump together upon trypsinization. Pipetting the cell suspension in and out of a 5 ml
pipette for about 20 times was sufficient to obtain a good single-cell suspension.
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3.2.1.2 Cell Enumeration
Total cell number was determined by counting the cell nuclei using a Neubauer
hemacytometer (Reichert, Buffalo, NY). Cells were incubated with a solution
containing 0.1 M citric acid and 0.5% (w/v) crystal violet (Fluka, Germany) for at least 2
hours. The citric acid dissolved the plasma membrane to release the nuclei, while the
crystal violet dyed the nuclei. The resulting suspension of nuclei was homogenized by
repeated pipetting the solution with a 5 ml pipette. The nuclei suspension was diluted
appropriately and counted in a hemacytometer.
3.2.2 Primary Rat Hepatocytes
3.2.2.1 Cell Isolation
Primary rat hepatocytes were obtained from the laboratory of Dr. J. Vacanti at
the Children's Hospital in Boston. Hepatocytes were isolated from adult Wistar rats
(150-200 g) with a modification of the original Seglen (Seglen, 1976) collagenase
perfusion procedure (Aiken et al., 1990). The rat liver perfusion and hepatocyte
isolation procedure have been described in detail by D. Mooney (Mooney, 1992).
3.2.2.2 Serum-Free Medium and Supplements
After the liver perfusion and hepatocyte isolation, cells were dispersed in a
defined, serum-free medium called William's E medium (Gibco BRL). The William's E
medium was supplemented with 10 ng/ml epidermal growth factor (Collaborative
Research, MA), 20 mU/ml insulin (Sigma), 5 nM of dexamethosone (Sigma), 20 mM of
sodium pyruvate (Gibco), 4 mM of L-glutamine, 100 U/ml penicillin (Irvine Scientific,
CA), 100 g/ml streptomycin solution (Irvine Scientific, CA) and 50 mg/ml ascorbic acid
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(Gibco). Cells were fed every 24 hours with this hormonally-defined medium. The
ascorbic acid was added fresh everyday.
3.2.2.3 Cell Enumeration
Viable cell concentration was determined using the trypan blue exclusion
method. The cell suspension was mixed with an appropriate amount of trypan blue
solution (typically 1:1 ratio) and the mixture placed in a hemacytometer. Cells were
viewed at 200X magnification with a phase contrast objective and counted. Vaible
cells appeared opaque and whole while the non-viable cells were blue. This method
was useful only for cell concentrations of 105 cells/ml or higher.
Total cell concentration was obtained using a Coulter ZF electronic Particle
Counter (Coulter Electronics, FI). Cells were diluted in isotonic saline solution to bring
the count between 1000 - 5000 cells/ml for best results.
3.2.2.4. Fluorescent Cell Viability Assay
When cells were not available at a concentration of 105 cells/ml or higher, the
trypan-blue exclusion method could not be used. In these instances, cell viability was
assessed using the Live/Dead® viabilility/cytotoxicity kit from Molecular Probes
(Eugene, OR). The kit consists of a two-color fluorescence assay.
The assay permits the simultaneous determination of live and dead cells with
two probes that measure two recognized parameters of cell viability - intracellular
esterase activity and plasma membrane integrity. The probes Calcein AM and
ethidium homodimer have been found to be optimal dyes for this application. Live cells
are distinguished by the presence of ubiquitous intracellular esterase activity,
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determined by the enzymatic conversion of the virtually non-fluorescent, cell-permeant
calcein AM to the intensely fluorescent calcein. The polyanionic calcein is well
retained within live cells, producing an intense green (about 530 nm) fluorescence in
live cells. ethidium homodimer enters cells with damaged membranes and undergoes
a 40X enhancement of fluorescence on binding nucleic acids, thereby producing a
bright red (>600 nm) fluorescence in dead cells. Ethidium homodimer is charged and
is excluded by the intact plasma membrane of the live cells. Both Calcein AM and
ethidium homodimer have the optimal response in the middle of the physiological pH
range (pH = 6.0 - 8.0), making them ideally suited for cell culture.
Cells were seeded as usual on the appropriate substrata and allowed to attach
for 24 - 48 hours. Prior to the assay, growth medium (Williams E, supplemented with
proteins) was removed because it contained compounds, such as amino acids, that
themselves fluoresce. The adherent cells were washed 2-3 times with a non-
fluorescent salt/sugar solution (RPMI 1640 salt solution, prepared without phenol red)
and left in it for the duration of the assay. The fluorophers were provided as stock
solutions in DMSO at a of concentration of 4 mM calcein AM and 2 mM ethidium
homodimer. The working dye solution was prepared by adding 20 !.1 of the supplied 2
mM solution of ethidium homodimer in 10 ml of the salt/sugar solution and vortexing
the mixture to ensure thorough mixing. Next, 5 1 of the supplied 2 mM Calcein AM
stock solution was added to the diluted ethidium homodimer solution and vortexed.
The resulting solution, containing 4 .M of ethidium homodimer and 2 .M of Calcein
AM, was added directly to the cells. Enough solution was added to cover the entire
surface, typically 1-1.5 ml for each well in an 8-well plate. The cells were incubated for
30-45 minutes at room temperature. The 8-well plate was then placed directly under
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an inverted microscope (Olympus BHS, Japan), equipped with a reflected light
fluorescent attachment (BH2-RFL, Olympus, Japan). The surfaces were visualized
using a blue filter (excitation wavelength of 490 nm). Live and dead cells could be
visualized simultaneously because both Calcein AM and ethidium homodimer excite
at 490 nm. To quantify cell viability, viable and non-viable cells were counted on
several regions of the surface and the average ratio of viable/total cells was obtained.
3.2.2.5 Coating Substrata with Laminin
When serum is present in the culture medium, it provides extracellular matrix
proteins, such as fibronectin and vitronectin, to assist in cell attachment. However, a
hormonally-defined and serum-free medium was used for culturing primary
hepatocytes. Thus, all substrata for hepatocytes were coated with approximately 1
gig/cm 2 of laminin (Collaborative Research, MA), ECM protein that is known to
facilitates hepatocyte attachment to substratum.
A stock solution of laminin (1420 !ig/ml) was diluted in a carbonate buffer (15
mM of Na2CO 3, 35 mM of NaHCO 3, pH 9.6) to prepare a 10 jig/ml solution. An
appropriate volume of this working solution was added in each dish to obtain a coating
of 1g/cm 2. The dishes was left with the coating solution at 4C overnight. Before
seeding cells, dishes were washed twice with PBS and then incubated with a 1%
solution of bovine serum albumin (BSA fraction V, Sigma) in William's E medium for at
least 30 minutes to block sites on the substratum that were unoccupied with laminin.
Cells were seeded at a density of 2-3 x 103 cells/cm2 on the coated plates and placed
at 37C in a humidified incubator with 5% C0 2/95% air atmosphere.
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3.2.3 Chinese Hamster Ovary (CHO)
3.2.3.1 Cell Culture and Maintenance
A recombinant Chinese Hamster Ovary (CHO) cell-line, transfected with the
human interferon y gene, was kindly provided to our laboratory by Dr. Walter Fiers of
the University of Ghent, Belgium. This cell-line, designated as CyCHO, was anchorage-
dependent for proliferation and secreted recombinant human interferon y
constitutively.
yCHO cells were maintained in a 1:1 mixture of Dulbecco's Modified Eagle's
Medium (DMEM) and Ham's F12 Nutrient Mixture. The medium was supplemented
with 4 mM L-glutamine (Sigma), 100 g/ml of streptomycin, 100 U/ml of penicillin
(Sigma) and 10% dialyzed fetal bovine serum (Sigma). In addition, the medium was
always supplemented with 2 x 10-7 M methotrexate (final concentration, Sigma). The
methotrexate was required to provide selection pressure cells containing a high copy
number of plasmids with the IFNy gene.
The cell culture was initiated by rapidly thawing a frozen vial of the stock culture
in a 37'C water bath. The DMSO was washed out in a similar fashion as described for
the AtT-20 cells. The cells were seeded in growth medium in a 175 cm2 T-flask
(Falcon, Becton Dickinson, NJ) and incubated at 37'C in a humidified atmosphere with
10% CO2 . Cells were fed every 2-3 days and split 1:6 every 5 days. To split the cells,
medium was aspirated from the flask and the cells were washed with sterile PBS to
remove the residual serum. The cells were then incubated in a solution of 0.5% (w/v)
trypsin and 0.2% (w/v) ethylendiamine tetraacetic acid (EDTA) for 5 minutes to detach
them from the flask surface. When cells were detached, the trypsin was neutralized
with at least two volumes of medium containing serum. Cell clumps in the resulting
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cell suspension were broken by repeated pipetting with a 5 ml pipette. One sixth of this
cell suspension was used to inoculate a new 175 cm2 T-flask (for a 1:6 split). Cells
were inoculated on the grooved substrata from such a cell suspension at a cell density
of 10,000 cells/cm2.
3.2.3.2 Cell Enumeration
yCHO cells were counted using the trypan blue exclusion technique in a
hemacytometer (viable cells) or via a nuclei count (total cells). These techniques have
been described in detail in previous sections 3.2.1.2 and 3.2.2.3.
3.3 Cell Adhesion Assay
Cell-substratum adhesion strength on grooved and smooth substrata was
measured using a modified version of a centrifugal assay reported by Hertl et al. (Hertl
et al., 1983). Cells, attached to a substratum, were subjected to a tangential shear
force. The tangential force was generated by placing the substratum in a swing bucket
rotor in such a way that the substratum (with the attached cells) was tangential to the
axis of the bucket. The shear force (F) on a cell is described by equation 3.1:
F = m.o 2.r (3.1)
where,
m = mass of a single cell (g)
w = angular rotational speed = 2n.RPM (rad/min)
r = distance between the cell and the center of the rotor.
Clearly, the force on the cells can be varied by changing the rotation speed (co)
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of the swing bucket rotor. At the end of the centrifugation, the percentage of cells that
remained on the substratum was an indication of the cell-substratum adhesion
strength. Details of the equipment and operational protocol of the cell adhesion assay
are described as follows.
3.3.1 Culture Wells for Adhesion Assay
Lexan (General Electric, NY) plastic rods were machined to produce annular
rings with an outer diameter of 18 mm (0.7 inch) and an inner diameter of 16 mm. The
internal side of one of the ends of these rings were threaded using a lathe machine
(Figure 3.6a). Glass substrata (grooved or smooth) with an outer diameter of 0.7 inch
were carefully adhered on the 18 mm annular rings using a silicone glue (RTV, GE,
NY) to form individual cell culture wells (Figure 3.6b). Care was taken not to get any
of the glue in the culture area of the glass surface. The wells were left at room
temperature for 24 hours for the RTV to cure. Next, the culture wells were washed
thoroughly with soap and water and steam sterilized in an autoclave for 25 minutes.
The autoclaved wells were brought in a sterile hood and, using a sterile tweezers,
placed into separate wells of a sterile 12-well plate (Linbro Brand, Flow Labs, CA).
Cells could be seeded into each lexan well and the whole 12-well plate could be
covered and placed in an incubator (Figure 3.6c).
3.3.2 Labelling Cells
Before seeding the cells in the lexan wells, cells were labelled with 1251 so that
the number of cells on the substratum before and after the centrifugation could be
quantified. An iodinated cell marker molecule (PKH95, Zynaxis, PA) was used to label
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Figure 3.6 Cell Culture Dishes for Cell Adhesion Experiments
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the cells with 1251. According to the manufacturer, the PKH95 radioactive cell linker
partitions into the lipid region of the cell membrane. If the cells are labelled with the
optimal concentration of the PKH95, the cell membrane integrity is not lost and cell
physiology is unaffected. A number of independent studies employing this molecule
have proven this to be the case. A protocol for labelling cells, provided by the
manufacturer, was followed and is described as follows.
The PKH95, supplied as a dry powder, was reconstituted in a specified amount
of absolute (100%) reagent grade ethanol immediately upon arrival. The vial was left
at room temperature for at least an hour and preferably for 12-24 hours before use.
AtT-20 cells were labelled using a 1 M PKH95 solution and at a cell concentration of
5x107 cells/mi. All steps were performed in a sterile hood that was approved for
radioactive use.
A suspension of 5x107 cells was washed in a 15 ml centrifuge tube (Corning,
NY) with 5 ml of protein-free medium. This cell suspension was centrifuged at 300 g in
a bench-top centrifuge (Centra-5, IEC, Needham, MA) for 5 minutes to form a loose
pellet. The supernatant was carefully removed, leaving no more that 20 - 30 gIl on the
pellet and the pellet was partially resuspended by tapping on the centrifuge tube. The
cells were resuspended in 0.5 ml of diluent C (provided with PKH95). In a second 15
ml polypropylene centrifuge tube, 588 !.l of diluent C was added. To this diluent, 12 p.1
of the reconstituted PKH95 stock was added. From this diluted PKH95 solution, 0.5 ml
was removed and added to the cell suspension in the first centrifuge tube. The PKH95
solution was mixed immediately with the cells and this mixture was incubated for 4
minutes. The staining reaction was stopped by adding 2 ml of fetal bovine serum to
the cell suspension. The cell suspension was centrifuged at 300 g for 5 minutes and
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the supernatant was discarded in an appropriated radioactive waste container. The
cell pellet was resuspended in 5 ml of medium containing serum and transferred to a
fresh 15 ml centrifuge tube. The staining tube was rinsed with 5 ml of medium
containing serum and was added to the cell suspension. The cells were centrifuged at
300 g for 5 minutes and the supernatant was discarded. The cells were washed again
in this manner and finally resuspended in medium containing serum. This cell
suspension was used to seed the lexan wells. After seeding, wells were placed in 12
well plates and incubated at 37C with 10% CO2 and 100% relative humidity for at
least 48 hours to provide sufficient time for cell attachment.
3.3.3 Centrifugation of Attached Cells
A plastic device was prepared to place the individual lexan wells into a swing
bucket rotor in such a way that the cells were tangential to the axis of the rotating
bucket. This device is shown schematically in Figure 3.7 and is described as follows.
A piece of lexan, that could slide into a 50 ml polypropylene centrifuge tube (Corning)
parallel to its axis, was machined (Figure 3.7a). A slot was drilled in this plastic piece
such that a lexan wells could fit snugly in it (Figure 3.7b). After placing the well filled
with culture fluid into the slot, the plastic device was carefully inserted into a 50 ml
centrifuge tube also containing culture medium. This centrifuge tube was then placed
into a swing bucket rotor and spun, resulting in a tangential force on the cells attached
on the glass surface of the lexan well (Figure 3.7c).
3.3.4 Quantification of Cell Number
Cell number in each lexan well could be enumerated before and after
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Figure 3.7 Schematic of a Cell Adhesion Assay Using a Centrifugal Field
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centrifugation because the wells could be placed directly into a gamma counter (TM
Analytic, Inc. Searle model 1185). This allowed measurement of radioactivity in situ.
Because the cells were labelled with 1251, The radioactive count per minute (cpm) was
a measure of cell number. The lexan wells were placed into the gamma counter
directly using another special device, shown in Figure 3.8a. This device was a
machined lexan rod with the dimensions of a test tube normally used for inserting
radioactive samples in the gamma counter. The bottom part of the rod was threaded
which allowed the threaded lexan wells to be screwed on to it as shown in Figure 3.8b.
When this single piece combination was put into the slot for test tubes, the gamma
counter assumed it as a test tube and operated normally.
Using this device, an initial cell count was obtained by placing the well in the
gamma counter prior to centrifugation. The cells were then subjected to centrifugation
at a specified RPM for 7 minutes in a Centra-8 (IEC, Needham, MA) bench top
centrifuge. After centrifugation, the cell debris was carefully removed and the well was
placed in the gamma counter for quantifying the residual radioactivity. The difference
in the initial and final counts (cpm) yielded a measure of cell removal due to the
centrifugal force (g-force). The entire procedure to quantify the cell removal is
summarized schematically in Figure 3.9.
3.4 Cell patterning
3.4.1 Preparation of Master Patterns
The desired master patterns were developed using a computer program, kic,
commonly used for designing integrated circuit designs (See section 3.1.1 for more
details). The pattern was created on a glass plate coated with photosensitive
62
b.
Culture Medium
5- it ·
Lexan Rod Lexan Well Attached
To Lexan Rod
Figure 3.8 Device for Placing Lexan Wells Directly Into Gamma Counter
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emulsion using a pattern generator (Gyrex 1005A). The final mask was made by
contact printing the emulsion plate onto a chromium-coated quartz plate.
The chrome mask was used in a photolithographic procedure to create a
photoresist template (on a silicon wafer) containing a negative image of the desired
pattern. The procedure, shown schematically in Figure 3.10, was similar to that used
for making grooved substrata, but differed significantly at certain steps. A brief
description of the protocol is as follows.
Silicon wafers (Silicon Sense, Nashua, NH) were cleaned in a piranha solution
(3:1 H2 SO4:H202), rinsed with distilled water and dehydrated in dry N2 at 200C for at
least 8 h. A layer (1-2 pm) of negative photoresist (AZ 5214-E, Hoechst Celanese,
USA) was spin-coated (Solitec, 4000 RPM, 30 s) on the silicon wafers. The coated
wafers were baked at 90C for 30 min and then exposed to ultraviolet light in a mask
aligner (Karl Sss, Germany) through the chromium mask containing the desired
pattern. The exposed wafers were hard baked at 120C for 90 s and developed (in
AZ422 MIF, Hoechst Celanese) for 80 seconds. During development, the exposed
regions were retained while the unexposed regions were etched away. This resulted
in a pattern on the photoresist that was a negative image of the mask.
3.4.2 Preparation of an Elastomeric Stamp
The photoresist pattern, described in the previous section, was used as a
template to create an elastomeric stamp of the desired pattern. The template was
placed in a 100 mm petri dish and approximately 30 ml of a 10:1 mixture (v/v or w/w) of
Silicone Elastomer-184 (dimethyl siloxane, Dow Corning, Midland, Ml) and Silicone
Elastomer Curing Agent - 184 (Dow Corning, Ml) was poured on the photoresist
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template (Figure 3.11). The petri dish was then placed in a 60°C oven and the
elastomer allowed to cure for 45-90 min. After the elastomer was cured, it was
carefully peeled away from the template to create the stamp (Figure 3.11). It was
important that the thickness of the photoresist in the template was kept below 1.5 Am.
When the photoresist thickness was greater than 1.5 gm, features on the elastomeric
stamp were broken during the peeling process.
3.4.3 Patterning Gold Substrata
The resulting polydimethyl siloxane (PDMS) elastomer stamp contained
projections of features to be imprinted on gold surfaces (Figure 3.12a). Gold substrata
for this purpose were prepared by coating 4 inch silicon wafers with 100 A of titanium
followed by 2000 A of gold using the electron beam procedure described previously in
section 3.1.2.2. The PDMS stamp was inked with a 1 mM solution of hexadecanethiol
(HS(CH 2 )15 CH3 , in ethanol, provided by Dr. G. M Whitesides, Harvard University) by
brushing it with a cotton swab that had been previously moistened with this solution
(Figure 3.12a). The inked stamp was then placed in contact with the gold substratum
to form self assembled monolayers (SAMs) of hexadecanethiolate on all regions that
were touched by the stamp (Figure 3.12a). Upon removal of the stamp, the substratum
was washed for 5 s in a solution of an alkanethiol terminated with an ethylene glycol
oligomer (HS(CH 2 ) 1 1 (OCH 2CH 2 )6 0H, 1 mM in ethanol, provided by Dr. G. M.
Whitesides, Harvard University). This resulted in the formation of SAMs of a
polyethylene glycol thiolate (PEG-thiolate) in the areas that were not touched by the
stamp. The substratum was finally washed with reagent grade absolute (100%)
ethanol and dried in a stream of dry nitrogen. This procedure created a gold surface
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that was derivatized with hexadecanethiol SAM on the stamped regions and with
PEG-thiol SAM on all other areas (Figure 3.12c). For example, when a stamp
containing square projections was used in this process, a surface with square islands
of hexadecanethiolate surrounded by regions of PEG-thiolate was obtained.
The patterned substrata could be imaged by scanning electron microscopy
(SEM). This was possible because self-assembled monolayers of different
alkanethiols on gold differ in contrast when imaged by SEM (Lopez et al., 1992). A
Joel scanning electron microscope (Physics Dept., Harvard University Cambridge)
was used at an electron gun voltage of 5 KV.
The patterned substrata were sterilized by immersing them in ethanol for 30
minutes in a sterile hood. The sterilized substrata were pulled out from the ethanol
using a sterile tweezers and air dried in the sterile hood. They were then placed into
individual wells of a 8-well plate (Nunc, II) and coated with laminin (Figure 3.12d) as
described earlier (section 3.2.2.5). Laminin coated substrata were also imaged with
SEM as described earlier. Laminin was adsorbed selectively on the
hexadecanethiolate-coated regions. This selective protein coating resulted in a
reversal of the light and dark staining patterns.
Primary rat hepatocytes were seeded on the laminin-coated substrata at a
density of 5000 cells/cm2 The 8-well plates containing the substrata were then placed
in a 37'C incubator (5% CO02 and 100% relative humidity) for cell culture. Substrata
with patterned cells were also imaged by SEM. After 24 hours in the incubator, the
patterned substrata with attached cells were removed from the incubator. The cells
were fixed with glutaraldehyde (EM grade, Sigma) by directly adding 100 pl of a 25 %
solution to every 2 ml of the medium and incubating at room temperature for 15
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minutes. Cells were rinsed twice in PBS and dehydrated in cold methanol (-20C)
twice for 10 minutes each. Cells were air dried and then imaged with a Joel scanning
electron microscope (5 KV). The cells were not coated with metal (as is normally done
in traditional SEM), because this allowed the visualization of the underlying islands as
well as the attached cell. The images were photographed using a Polaroid camera
attached to the microscope. Because the cells were not protected with a metal
coating, they tended to burn off in the SEM by the energy of the impinging electrons.
This was avoided by rapidly scanning the entire surface and quickly taking
photographs of the desired regions.
3.5 Image Analysis
Cell areas of attached cells were determined using image analysis of cell
photographs. The image analysis system consisted of a camera lens (Nikon)
connected to an attachment (Videk model 1400, Kodak, USA) that was used to transfer
the image to a computer screen. A personal computer (Gateway 2000, 386) was used
to run an image-analysis software package called PC Image (Foster Findley
Associates, UK) to measure cell areas.
3.6 Cell Culture on microcarriers
3.6.1 Microcarriers
Solid polystyrene microcarriers (Plastispex, 90-150 um, sp. gravity: 1.04) were
purchased from JRH Biosciences (Lanexa, KS). The surface of these microcarriers
was not treated in any manner to render the surface properties different from the bulk
material. Microcarriers were used at a concentration of 10 g/ml of the culture medium.
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3.6.2 Roughening and Characterization of Microcarriers
Microcarriers were roughened by grinding them manually between two sheets
of silicon carbide (SiC, Carbimet no. 600 grit, Buehler, USA) for about 3 minutes.
Quantities of 0.25-0.5 g of microcarriers were roughened at a time. This procedure
resulted in uniform roughening of the microcarrier beads. After roughening,
microcarriers were first rinsed thoroughly with deionized water and then with
methanol. While in methanol, they were placed in an ultrasonic to dislodge any SiC
particles attached to them. The microcarriers were then sieved through a 70 m sieve
to remove any small contaminating particles and finally, they were dried in a
desiccating oven for 15 minutes. The extent of roughening was assessed by
examining the microcarriers in an Environmental Scanning Electron Microscope
(ESEM, see section 3.1.3.1 for details). Because the Plastispex microcarriers were not
surface treated, the exposed surface after scratching was assumed to be the same as
the unscratched surface.
3.6.3 Spinner Flask Culture
Cell culture on microcarriers was performed in 125 ml spinner flasks (Bellco,
NJ). Spinner flasks were siliconized with Prosil 28 (PCR Inc., Gainesville, Fl.,
manufacturers instructions), rinsed several times with double distilled water and dried.
One gram each of smooth (non-treated) and roughened microcarriers were weighed
out and placed into separate spinner flasks along with 100 ml of double distilled water.
The smooth microcarriers were used as control. The caps on the spinner flasks were
loosely fastened and covered with aluminum foil. The flasks were then sterilized in an
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autoclave for 30 minutes. Next, the water was decanted from the spinner flasks in a
sterile hood and 25 ml of complete medium (DMEM with 10% FBS, CDMEM) was
added to each flask. After 30 minutes of incubation at 37'C, this medium was
decanted and 90 ml of fresh warm CDMEM was added.
A cell suspension of AtT-20 cells was prepared from T-flasks by trypsinization
as previously described (section 3.2.1.1). Enough cell suspension was added to each
spinner flasks such that a final cell seeding concentration of 2-3 x 105 cells/ml could
be attained. The spinner flasks were incubated overnight at 37'C without agitation to
allow cell attachment on the microcarriers. From the next morning, medium was
agitated at a rate of about 20 rpm. Medium was changed periodically with an
exchange volume of 60 ml. Samples of microcarriers were taken periodically and
examined under a microscope to assess cell attachment and growth on the
microcarriers.
3.7 DNA Synthesis Assay
3.7.1 3H-thymidine Uptake and Autoradiography
DNA synthesis in hepatocytes was measured by the uptake and incorporation
of 3H thymidine from the medium. The incorporated 3H thymidine was detected using
autoradiography. After 48 hours of incubation in growth medium, hepatocytes were
fed with medium containing 1 ICi/ml of 3H-thymidine (84.9 Ci/mmol, New England
Nuclear, Boston, MA). After 18 hours of incubation, cells were fixed with
glutaraldehyde (EM grade, Sigma) by directly adding 100 gI1 of a 25 % solution to
every 2 ml of the medium and incubating at room temperature for 15 minutes. Cells
were rinsed 2X in PBS and dehydrated in cold methanol (-20'C) twice for 10 minutes
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each. Cells were then overlaid with Kodak NTB - 2 emulsion. Autoradiographic grains
were developed 7 days later using Kodak D - 19 developer. Cells that had entered the
S phase of the cell cycle could be detected by the presence of dark nuclei.
3.7.2 BrdU Uptake, Incorporation and Detection
Alternatively, a non-radioactive, cell proliferation kit (RPN 20, Amersham, UK)
was used to detect DNA synthesis in hepatocytes. This assay is based on the
immunodetection of the thymidine analog, 5-bromo-2'-deoxyuridine (BrdU)
incorporated into replicating DNA.
After 48 hours of initial seeding, the original medium was removed and cells
were incubated for 24 hours in labelling medium which consisted of a 1:1000 dilution
of the supplied labelling reagent (BrdU) in complete medium. Next, the labelling
medium was removed and cells were washed thrice with PBS (with 3 minute intervals)
and fixed for 30 minutes at room temperature in a acid-ethanol solution (90% ethanol,
5% glacial acetic acid, 5% water). Cells were rehydrated in PBS and incubated with a
monoclonal antibody against BrdU (supplied in kit) for 1 hours at room temperature.
The antibody solution contained a nuclease which digested the DNA and allowed
antibody access to the incorporated BrdU. Care was taken to make sure that the cells
were completely covered with the antibody solution throughout the incubation.
Approximately 300 l of the antibody solution was sufficient to cover a 1 in2 surface. A
pipette tip was sometimes used to spread the solution on the entire surface. To
prevent rapid evaporation, the plate was kept in a humidified chamber. After the
primary antibody incubation, cells were washed 3X with PBS (with 3 minute intervals)
and incubated with a peroxidase conjugated secondary anti-mouse IgG2a for 30
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minutes at room temperature. After washing 3X with PBS (3 minutes each), a
substrate solution containing 3,3'-diaminobenzidine tetrahydrochloride (DAB) in
phosphate buffer (without NaCI) and an intensifier (consisting of an aqueous solution
of hydrogen peroxide together with nickel chloride and cobalt chloride) was added to
the cells. Within 5 minutes, dark brown stains appeared on top of nuclei that were
positive for BrdU. The reaction was immediately stopped by washing substrates 3x in
distilled water. The substrata were then dehydrated and air dried.
Alternatively, a rhodamine labelled goat-anti-mouse IgG (Fc' fragment, Cappell,
NC) was used as the second antibody. After the primary antibody incubation, cells
were incubated in this secondary antibody (1:50 dilution in Tris buffer) for 1 hour. Prior
to its addition, the diluted second antibody was centrifuged in a micro-centrifuge at
10,000 RPM for 10 minutes to remove any aggregates that might interfere with the
assay. Cells were washed thrice with PBS and air dried and the substrates were
mounted on a glass slide in PVA glycerol (or any other commercially available
mounting solution). Cells were imaged in a epifluorescent microscope (Zeiss
Axiophot). A black and white print film (TMX 400, Kodak) was used to photograph the
cells and the exposure time was obtained empirically for optimal contrast.
3.8 Metabolite and Product Assays
3.8.1 Glucose and Lactate
Glucose and lactate concentrations in cell culture supernatant were determined
using standard enzymatic assay kits obtained from Sigma Chemical. The glucose
assay was based on the hexokinase enzyme method and was performed according to
the manufacturer's recommended protocol. Lactic acid was measured from
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deproteinated (trichloroacetic acid precipitated) samples using a reagent with lactate
dehydrogenase according to the manufacturer's recommended protocol. All
quantitative absorbances were obtained from a Perkin Elmer Lambda 3A UV/VIS
spectrophotometer (Perkin Elmer, Norwalk, CT).
3.8.2 Insulin
Total human insulin was measured using a competitive binding, two-phase
radioimmunoassay procedure. The RIA procedure utilized reagents and protocol
obtained in kit form from Cambridge Medical Diagnostics (formerly of Bellerica, MA).
The same kit was subsequently obtained from Ventrex, Inc. (Portland, ME). The
protocol provided by the manufacturer was modified by Dr. A. Sambanis and the
modified protocol was used in our laboratory.
The procedure was initiated by mixing 100 Il of unknown sample (appropriately
diluted) with equal volumes of the insulin tracer (1251-labelled porcine insulin and
normal guinea pig serum in assay buffer, approximately 1 Ci/11 ml) and the insulin
antiserum, comprising of a guinea pig anti-insulin antiserum in assay buffer (1 mg/ml
BSA, EDTA in a sodium borate buffer with sodium azide as a preservative) in a screw
cap, 1.5 ml Sarstedt centrifuge tube. Porcine anti-insulin antiserum could be used to
detect human insulin because the kit manufacturer reported a 100% cross-reactivity
between this antiserum with human insulin. This mixture was allowed to incubate for
90 minutes at room temperature to allow competitive binding equilibrium between the
labelled and unlabelled insulin and the polyclonal guinea pig antiserum. The antigen-
antibody complex in the mixture was then precipitated by adding 1 ml of a precipitating
reagent, comprising of goat anti-guinea pig gamma globulin and polyethylene glycol
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solution containing borate buffer, EDTA, and sodium azide as a preservative. This
mixture was spun down in a micro-centrifuge at 10,000 RPM (5000 g) at 4C for 10
minutes to pellet the precipitate. The tubes were then partially decanted by removing
a reproducible amount of the supernatant (1000 p1). Finally, the relative amount of
bound/precipitated labelled insulin was determined by placing the tube containing the
precipitate and remaining supernatant in a gamma counter (Searle Analytic, Inc.
model 1185) and counting the gamma decay for 2 minutes. A standard curve was
generated for each assay by using six insulin standards provided in the kit. In
addition, maximum insulin tracer-antiserum binding level was determined by using
100 Il of assay buffer in place of the cold insulin sample in a separate set of tubes
(labelled Bo). Non-specific binding of the 1251 was measured by using 200 Il of assay
buffer with 100 I1 of insulin tracer and no antiserum (labelled NSB). The total added
1251 label was measured by addition 100 !1 of tracer to another set of tubes (labelled
TC).
The average measured gamma decay in the total count (TC), non-specific
binding (NSB), and maximum binding (BO) tubes was used to compute percent of
maximum tracer binding in each of the standard or unknown tubes. Using the
information from the measured gamma counts (C) in the precipitated tubes, the total
gamma counts in the original tracer (from the TC tubes), and the known volumes of
liquid added and removed, the pellet-associated (BC) can be estimated from equation
3.2. From this result, the estimated bound counts for the standards and unknowns can
be corrected for non-specific binding and background radiation and then normalized
to the maximum binding using equation 3.3.
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BC = 1.3 x C - 0.3 x TC
% Max Binding = (BC - BCNSB) X 100%//(BCBo - BCNSB) (3.3)
Although the theoretical competitive binding equilibria should yield an
analytical relationship between /o Max Binding" and insulin concentration, this cannot
easily take into account effects such as cooperativity in binding to the dimeric sites of
IgG. Thus the insulin standards were plotted on semi-log axis versus the % Max
Binding data and fit to least-square deviation with a reasonably smooth 4th, 5th or 6th
order polynomial.
3.8.3 Albumin
Rat albumin in cell culture supernatant was measured using a quantitative
sandwich Enzyme Linked Immuno Sorbent Assay (ELISA) technique. The protocol
was based on the method published by Schwerer et al. (Schwerer et al., 1987) . An
optimized version of this protocol, provided to us by Dr. Linda Cima (MIT, Cambridge,
MA), was used in our study. This assay is capable of quantitatively detecting rat
albumin in the range of 0 - 50 ng/ml.
In overview of the ELISA procedure, 96-well plates were first coated with a
primary antibody against rat albumin. Plates were then blocked with gelatin and
incubated with unknown albumin samples or with albumin standards. Next, the plates
were incubated with a secondary antibody against rat albumin that was conjugated
with an enzyme (horse radish peroxidase). Finally, the plates were incubated with a
solution that contained a substrate for the peroxidase. The substrate was converted to
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a green colored product and the color intensity was proportional to the amount of
sample present in the unknown sample. The specific protocol is as follows:
Anti-rat albumin antibody (primary antibody, Cappell, NC, cat. no. 0213-0344)
was thawed from the frozen stock and diluted to 2 rg/ml in a bicarbonate coating buffer
(0.05 M carbonate, pH 9.6, 15 mM Na2 CO 3 , 35 mM NaHCO 3, 0.2 g/l Sodium Azide).
This antibody solution was used to coat 96-well plates (Dynatech immunolon 2) by
adding 100 gIl of the solution to each well using a multichannel pipette (Eppendorf). A
10 ml coating solution was made for each plate. Plates were covered with parafilm
and refrigerated (4C) overnight (plates could be left in the refrigerator for up to a week
if they were not allowed to dry out).
After coating, plates were washed three times with PBS-Tween buffer (137 mM
NaCI, 1.5 mM NaH 2 PO4, 8.1 mM Na2 HPO 4 , 2.7 mM KCI, 0.05% Tween-20, pH 7.4)
using a manual, plate washer (BioTek, MA). After the final wash, the plates were
patted dry on a paper towel. Plates were then blocked by adding 200 1l of a 1%
solution of gelatin in PBS-Tween to each well. The gelatin solution was prepared
fresh for each assay and was not allowed to cool and form a viscous or semi-solid
material. Plates were covered and incubated with the gelatin for 30 minutes at 37°C.
The gelatin bound all sites on the wells that were not occupied by the primary antibody
and this prevented any non-specific binding of the antigen or secondary antibody to
the plate surface in subsequent steps. Next, the plates were washed three times with
PBS-Tween and 200 lI1 of albumin standard or unknown albumin samples were
loaded in the top row (row A) of the plate. The rest of the wells were filled with 100 gI1
of PBS-Tween. The standard and diluted samples were prepared as follows:
A rat albumin standard was purchased from Cappell (10 mg/ml, Cat. no. 6013-
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0340) and stored frozen in 100 l aliquots. On the day of the assay, a vial of the
albumin standard was thawed and diluted to 50 ng/ml in PBS-Tween (since the range
of the assay is 0 - 50 ng/ml). The unknown samples were also diluted to bring the
albumin concentration down in this range. The dilution factor was estimated by using
the fact that primary rat hepatocytes secrete about 50 ng/1000 cells/day. Thus, if the
cell number and time of culture is known, an estimate of albumin in the sample can be
made.
Samples were serially diluted by removing 100 Il of sample from the top row
and mixing it with PBS-tween present in the next row. Mixing was achieved by
pipetting the sample volume up and down numerous times. 100 l1 from this well was
then mixed with the PBS-tween in the next row to obtain a 1:4 dilution. This procedure
was repeated down the columns to the second last row (G). The last row was left with
PBS-Tween and wells H1 and H2 were assigned blanks. Albumin standard
concentrations ranged from 50 ng/ml in the top row (A) to 0.78 ng/ml in row G. Each
plated could be used to assay 6 samples in duplicate (12 columns). The first 2
columns were always used for standards.
Plates loaded with samples were covered with parafilm and incubated at 37'C
for 1 hour. This incubation resulted in the binding of the albumin, present in the
samples or standards, to the primary antibody that was coated on the plate surface.
During this incubation, a 50 .l1 aliquot(s) of the enzyme-conjugated secondary
antibody (Cappell, N.C., cat. no. 3213-0344) was thawed and diluted 1:500 in PBS-
Tween. After the incubation, the plates were washed three times with PBS-Tween
and 100 l1 of the diluted enzyme-conjugated secondary antibody was added to each
well. Plates were covered and incubated for 1 hour at 37 C. This incubation resulted
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in the binding of the secondary antibody to the albumin that was already bound to the
primary antibody.
During this incubation, the substrate solution was prepared by adding 0.25
mg/ml of ABTS (Sigma cat. no. 4798) and H202 (0.01 % v/v) in a citrate-phosphate
buffer (61 mM citric acid, 77 mM Na2HPO4). The substrate solution was kept in dark
until use. After the incubation was complete, plates were washed three times with
PBS-Tween and 100 l of the substrate solution was added to each well. The plates
were covered and kept in dark at room temperature. Color development was stopped
after 45 minutes by adding 100 gI1 of a stop solution (0.32% sodium fluoride in water) to
each well. The absorbance in each well was read at 405 nm (vs 490 nm) by using an
automatic multiwell plate reader (Molecular Devices, CA).
A standard curve was generated using the absorbance data of the known
standards. The data in the range of 0.1 - 0.5 absorbance units could be fitted to least-
square deviation with a reasonably good linear curve (r2 = 0.99). Absorbance values
for samples in this range was used to calculate the albumin concentration. Since each
unknown was run in duplicate, an average concentration value was obtained for each
albumin sample.
3.8.4 Interferon y
Human interferon y (IFNy) was measured quantitatively in culture supernatant
of yCHO cells using an in vitro enzyme-linked immunosorbent assay (ELISA). The
reagents for the ELISA assay were purchased in the form of a kit by Endogen (Boston,
MA). This ELISA was capable of detecting a minimum level of 5 pg/ml of biologically
active IFNy. The kit was specific for the measurement of natural and recombinant
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human IFNy. The assay kit consisted of the following materials:
* 2 vials of lyophilized human IFNg standard
* Standard diluent
* Plate reagent
* Wash Buffer, 30 x concentrate
* Substrate buffer
* Pre-diluted anti-human IFNg conjugate reagent
* 6 OPD substrate tablets
* 1 Anti-human IFNg pre-coated 96 well stripwell plate
The specific protocol is as follows.
All samples and reagents are brought to room temperature prior to the assay.
The working wash buffer is prepared by diluting the 30x concentrate to 1 x in deionized
water. The IFNg standard provided in the kit is reconstitute with the volume of
deionized water specified on the vial label. This gives a stock solution of 1 ng/ml of
IFNg. The culture medium is used to prepare serial dilutions of the IFNg standard.
Five standards with the concentrations 400 pg/ml, 160 pg/ml, 64 pg/ml 25.6 pg/ml, and
10.24 pg/ml by properly diluting the stock solution. Standards are prepared shortly
before use. Samples are diluted appropriately to bring the concentration within the
assay range. Serial dilutions of a few samples was generally necessary to estimate
the dilution factor. It ranged for 1:2000 to 1:5000 for the samples we analyzed. The
data template provided with the kit is used to record the location of all the unknown
samples and standards. The five standards and a negative control (fresh culture
medium) were run in every assay.
The assay is started by adding 50 gl of the plate reagent to each well. This is
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followed by adding 50 Il1 of the unknown samples/standards/negative control to the
appropriate wells. The plate is covered with adhesive plate covers (provided in the kit)
or parafilm and incubated for 2 hours at 37 'C. At the end of the incubation, the
adhesive cover is removed and the plate washed 5 times with wash buffer. Washes
can be performed manually by flicking the contents of the plate into a sink, filling the
wells with wash buffer using a squirt bottle, and flicking the buffer in the sink. This
procedure is repeated 4 more times. At the end of the fifth wash, the plate is patted
dry.
Using a multichannel pipetter, 100 l of the pre-diluted conjugated antibody is
added to each well. The plate is covered and incubated at 37 'C for 2 hours. During
the second incubation, the substrate reagent is prepared by adding five 0-phenylene-
diamine (OPD) to 13 ml of the substrate buffer and mix thoroughly. At the end of the
second incubation, the plate cover is removed, the plate washed five times as
described earlier, and 100 1l of the substrate solution is added to each well. The
enzymatic reaction is allowed to occur in the dark at room temperature. After 30
minutes, the reaction is stopped by adding 100 1 of the stop solution (1 M HCI or 2 M
sulfuric acid) to each well. The absorbance in each well is read at 490 nm using a
multi-well ELISA plate reader (Molecular Devices, CA).
Absorbance data of the known standards was used to generate the standard
curve. The data obtained for the entire range could be fitted to least-square deviation
with an excellent linear curve (r2 = 0.999). This standard curve was used to estimate
the concentration of the unknown samples when the unknown absorbances were
within the assay range.
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3.9 Analysis of rhlFNy Heterogeneity
Heterogeneity in rhlFNy was detected and quantified by gel electrophoresis
(SDS-PAGE) and western blotting techniques. Figure 3.13 provides an overview of
this procedure and the details are described in the following paragraphs.
3.9.1 SDS-PAGE
The Sodium Dodecyl Sulfate-PolyacrylAmide Gel Electrophoresis (SDS-PAGE)
was performed according to the standard Laemmli protocol. Samples were mixed 1:1
with 2x sample buffer (0.125 M Tris HCI, 20 % (v/v) glycerol, 4 % (w/v) SDS, 0.08 M
dithriothreithol, 0.0025 % (w/v) bromophenol blue) and then boiled for 5 minutes.
Eighteen Il of this mixture were injected into each lane of the precasted gels (12 %
polyacrylamide, non-gradient, 0.1% SDS, Jule Inc., New Haven, CT). The
electrophoresis was conducted at constant 130 V for about 65 minutes in a vertical
electrophoresis cell (Mini Protean; BioRad, Hercules, CA) filled with running buffer
(3g/l Tris, 1 g/l SDS, 14.4 g/l Glycine, pH 7.5, in H2 0). In every gel, a standard,
consisting of molecular weight markers (BioRad, CA), was run as a control. The
molecular weight markers were prestained proteins at 43, 29, 18.4, 14.3, 6.2, 3.0 kD.
3.9.2 Western Blotting
After the electrophoresis, the gels were electrophoretically blotted onto a 0.2 gm
nitocellulose membrane (BioRad, CA) in a trans-blot electrophoretic transfer cell
(Biorad, Hercules, CA) according to the manufacturer's instructions. The cell was filled
with prechilled transfer buffer (200 ml/I methanol, 14.4 g/l glycine, 0.025 M Tris-base in
water). The blot was performed at a constant 100 V for 70 minutes. In this procedure,
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the protein from the gels was transferred to the nitrocellulose membrane.
After the transfer, the gel was carefully removed from the membrane and
discarded. The membrane was placed in a container filled with 3 % non-fat dry milk in
Tris Buffered Saline Tween-20 solution (TBST; 1.21 g/l Tris, 8.76 g/l NaCI, 0.5 ml/I
Tween 20, pH 7.5, in water) and rocked on shaker for several hours. The protein in the
milk blocked all sites on the membrane that did not have protein from the gel. After
blocking the membrane was washed 3x in TBS (TBST without Tween 20). The
membrane was then placed in a 20 ml TBST-solution containing 2 g/ml of a primary
polyclonal IFNy antibody (anti-human IFNy from rabbit; Endogen, Inc., Boston, MA),
and rocked on a shaker for 2 hours at room temperature. The membrane was washed
3x in TBS and then placed in a separated container filled with a solution containing a
secondary antibody (goat anti-rabbit IgG conjugated with alkaline phosphatase, 35 l
of the purchased antibody for BioRad in 100 ml of TBS). This membrane was
incubated with the secondary antibody for 2 hours at room temperature, while
constantly rocking in a shaker. During this step, the conjugated secondary antibody
binds the primary antibody that is already bound to the IFNy present on the
membrane.
The membrane was washed 3x in TBS and then developed using a substrate
for alkaline phosphatase. The substrates, 5-Bromo-4-Cloro-3-lndolyl Phosphate and
Nitro Blue Tetrazolium (BioRad, CA), which together react with alkaline phosphatase
at pH 9.5, were used. An incubation of the membrane in this mixture of substrates
resulted in the formation of a purple insoluble salt, the intensity of which was
dependent on the amount of IFNy present in the membrane.
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3.9.3 Densitometer Scan
To quantify the relative (%) amounts of the resulting bands (heterogenous forms
of IFNg), the membranes were scanned with a densitometer (Model GS300; Hoefer
Scientific Instruments, S. San Francisco, CA) in reflectance mode at 585 nm with a 30
nm band. The relative IFNy amounts in the bands on the membrane were converted
into absorbance units via the densitometer scan, which then was transmitted in form of
an electrical potential (mV) to a corresponding software program (1-D Electrophoresis
Data System; Hoefer Scientific, CA) running on an Apple Macintosh Ilsi computer. The
absorbance units corresponding to each membrane band was displayed a peaks.
The area under the peak was automatically integrated to obtain the relative amounts
(%) of each band (heterogenous IFNy form) with respect to the overall IFNy amount
(100%).
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Chapter 4. Surface Characterization of Grooved Substrata
Glass substrata with parallel grooved surface morphology were prepared to
study the effects of surface topography on cell behavior. Custom preparation of the
grooved substrata with photolithography and plasma etching provided us with the
capability to manipulate dimensions of the surface features. Use of well-defined
substrata also made it possible for us to completely characterize their surface
topography. Each grooved surface could be characterized with three morphological
parameters, namely, groove width (w), space between grooves (r) and groove depth
(d), and these dimensions were designated as w x r x d. The ability to manipulate and
characterize these morphological paramters allowed us to study the effects of each
individual parameter on cell behavior.
Prior to any experiments with cells, it was imperative to establish that the
surface of the grooved substrata was spatially homogenous with respect to all surface
properties other than topography. Surface heterogeneity was a likely problem
because plasma etching, a technique that could potentially alter surface properties,
was used in the preparation of these substrata. Control experiments with unpatterned
glass surfaces (smooth) that had been exposed to plasma for 0, 200, 1000 and 2000
seconds in an industrial plasma etcher (see section 3.1.2.4 for details) showed that
cell attachment and spreading was not affected when glass was treated with plasma
for less than 200 seconds. However, cell spreading was significantly attenuated in
substrata that were treated with the plasma for greater than 1000 seconds. These
experiments confirmed that plasma treatment could alter surface properties of glass in
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a manner that could affect cell attachment and spreading.
A literature search revealed that treatment of glass with plasma indeed affects
its surface properties. Treatment of soda lime glass with argon plasma causes
dealkalization (loss of sodium from the surface) and hardens the glass surface (Zhou
et al., 1991). Treatment of glass with plasma also results in increased surface area
due to microetching and in rearrangement of the silicate (-SiO-) network on the surface
(Krishnamurthy and Kamel, 1989). These changes in surface properties cause an
increase in the surface hydrophilicity of the glass (Krishnamurthy and Kamel, 1989).
"Surface damage" from normal plasma operations can occur up to a depth of 0.5 gm
(Zhou et al., 1991). Any one or all of the mechanisms describe above can explain
changes in the properties of plasma-treated glass surface that could affect cell
attachment and spreading. While it was not our objective in the present study to
elucidate the mechanism of how the plasma affected glass surface properties, it was
important to "solve the problem" and make grooved substrata that were spatially
homogenous with respect to surface chemistry.
One possible manner in which this problem could be solved is shown
schematically in Figure 4.1. After the plasma etching, the damaged glass layer could
be removed by treating the substratum with a chemical etchant of glass, such as
hydrofluoric acid (HF), that does not affect properties of glass otherwise. The feasibility
of this strategy was tested in a control experiment with the unpatterned plasma-treated
substrata described earlier. These substrata were exposed to a buffered solution of
HF called Buffered Oxide Etchant (BOE) for 10, 20 and 30 minutes. In a separate
experiment, it was determined that BOE etched plasma-treated glass at a rate of 1
gIm/30 minutes. Cell attachment and spreading was assessed on all the plasma-
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Original Glass (Unetched Region)
Pla.
Grooved Glass Substratum
After Plasma Etching
Groove
Plasma Damaged Layer
20 minute BOE Etch followed by Piranha Cleaning
Cleaned Glass Substratum
gure 4.1 Cleaning of plasma etched glass substratum to remove plasma-damaged glass layer. A 20
inute treatment with 7:1 Buffered Oxide Etchant (BOE) was sufficient to clean the glass surface. The
lure is not drawn to scale.
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treated surfaces after they had been "cleaned" with BOE. Cell behavior on all plasma-
treated surfaces that were exposed to BOE for more than 20 minutes was identical to
completely smooth, non plasma-treated surfaces. This experiment demonstrated that
a 20 minute exposure to BOE was sufficient in removing the plasma-damaged layer of
glass even in cases where the surface was treated with plasma for up to 2000 seconds
(more than the exposure time for preparing any grooved substatum). As a result, a 20
minute BOE exposure step was included in the cleaning protocol for all glass surfaces
(etched and unetched) used in our experiments.
The surface of the BOE treated grooved substrata were analyzed with Auger
spectroscopy (see section 3.1.3.2 for details). The spectra of Auger electron for the
bottom of the groove (etched) and for the space between grooves (unetched) are
shown in Figure 4.2. The three peaks, corresponding to silicon, oxygen and carbon,
are identical for the two regions. These data provide further evidence that after the
BOE clean, the original glass surface below the damaged layer is exposed on the
entire substratum and is identical throughout .
Once the grooved substrata were rendered spatially homogenous with respect
to surface chemistry, they were suitable for investigating the role of substratum
morphology on cell behavior. The morphological parameters (w, r and d) of the
grooved substrata were determined using an environmental SEM and a profilometer,
as described in Chapter 3. Dimensions of these surface features were different from
those originally planned because of undercutting during plasma etching and due to
the subsequent BOE exposure. However, as long as the dimensions of 'w', 'r' and 'd'
were satisfactorily characterized, the surfaces were suitable for our experiments.
Substrata with a good range of groove dimensions were used and in all cases these
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Figure 4.2 Auger Spectroscopy on groove (bottom) and ridge (top) areas of
a clean parallel grooved substratum. Identical scans indicate no difference surface
levels of Si, C and O respectively.
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values were of the same order of magnitude as of a typical mammalian cell.
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Chapter 5. Effects of Substratum Topography on Cell Adhesion.
5.1 Introduction
Adhesion of cells to the underlying substratum is a major physiological
consequence of the cell-substratum interaction process. Cell-substratum adhesion
plays an important role in many physiological processes such as wound healing and
tissue repair, and in several biotechnological applications such as microcarrier cell
culture. Our goal in the present study was to elucidate how adhesion of cells was
affected by the topography of the underlying substratum. Adhesion of cells to rough
and porous substrata has been reported in the past, but most of the findings are
qualitative and at times contradictory (Rich and Harris, 1981; Zingg et al., 1982,
Thomas et al., 1987) Furthermore, because the mechanisms governing cell adhesion
to rough substrata are not understood, no guidelines are available to design substrata
with rough surface morphology to manipulate cell-substratum adhesion.
Our approach to address this problem was to prepare substrata with defined
surface morphology and use these surfaces to systematically elucidate the effects of
the morphological parameters on cell adhesion. Cell adhesion studies on defined,
parallel grooved substrata have been conducted in the past (Brunette, 1988a; Meyle et
al., 1991). Although these studies have indicated that cell adhesion to the substratum
can be enhanced by changing its surface morphology, no quantitative data were
provided. Furthermore, the effects of groove dimensions on cell adhesion have not
been elaborated. In many practical situations, it is important to directly quantify cell-
substratum adhesion strength. This is particularly useful for designing surfaces of
devices, such as bioreactors and vascular prostheses, in which cells are constantly
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under shear stress due to fluid motion. In this chapter, we investigate the cell
adhesion on micromachined grooved substrata and provide quantitative data on such
surfaces. Using this data, we suggest potential mechanisms that govern the cell
adhesion process on grooved substrata and explain why it is different from adhesion
of cells to smooth substrata. Based upon this understanding, it becomes possible to
propose insights into engineering substrata with different surface morphologies to
manipulate cell-substratum adhesion.
5.2 Defined Substrata
Glass substrata with defined grooved surface morphology were used to
investigate the effect of surface morphology on cell adhesion. The surfaces were
prepared according to the protocols described in Chapter 3 and 4. The characteristic
dimensions of the various grooved substrata used in the studies are shown in Table
5.1. Smooth substrata were used in the experiments as controls.
5.3 Model Cell
The AtT-20 cell-line, derived from the mouse pituitary and transfected with the
human proinsulin gene, was chosen as the model cell-line in these studies for two
main reasons. First, the AtT-20 cells are highly sensitive to shear force and therefore
represent a realistic example of cells that require improvement in cell-substratum
adhesion strength. In addition, because they are weakly adhered to the substratum,
they can be detached from the substratum with forces that can be easily generated in
our adhesion strength experiments.
Second, even though these cells are transformed and recombinant, they
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Table 5.1. Characteristic dimensions of grooved substrata used in adhesion
experiments.
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Surface width, w ridge, r depth, d
(m) (Am) (m)
1 infinite infinite 0
2 7 3 3.5
3 11 3 3.6
4 14 6 2.5
5 18 12 5
continue to exhibit a differentiated function characteristic of their parental cell, known
as "regulated secretion" (Darnell et al., 1990). Simply stated, these cells can be
induced to secrete processed cellular proteins, such as insulin, that are otherwise
stored in the secretory granules, or secreted constitutively at a low rate (Grampp,
1992). Protein secretion can be induced with secretion agonists such as cAMP and
IBMX (Grampp, 1992). The regulated secretion function is a good marker for judging
the performance of these cells on the different substrata.
5.4 Results and Discussion
5.4.1 Cell Attachment and Proliferation
When seeded on grooved substrata, the AtT-20 cells spread and preferentially
aligned themselves along the parallel grooves. Cell alignment was more profound on
substrata with smaller groove width and decreased as the groove width became larger
than the cell size (10 m diameter). This phenomenon is consistent with several
previous studies which showed that both fibroblasts and epithelial cells align along
grooves when cultured on a parallel grooved substratum (Dunn and Brown, 1986;
Brunette, 1986a,b). After aligning along grooves, cells continued to propagate along
grooves and avoided crossing over into adjacent grooves. Growth rate of AtT-20 cells
on the various grooved substrata was similar to that on the smooth surface. Details of
AtT-20 culture conditions and maintenance were described in Chapter 3.
5.4.2 Cell-Substratum Adhesion Strength
5.4.2.1 Cell Adhesion Assay
A modified version of the centrifugal assay reported by Hertl et al. (Hertl et al.,
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1984) was used to measure the cell-substratum adhesion strength of AtT-20 cells on
smooth and grooved substrata. The assay was described in detail in Chapter 3 and a
brief version is presented here. 1251 labelled AtT-20 cells were grown to confluence on
substrata with different surface morphologies in special Lexan wells. The wells were
placed into a plastic holder that was inserted snugly into a centrifuge tube parallel to
its axis. This centrifuge tube was then placed in a swing bucket rotor and centrifuged
at different speeds (RPM) for a period of 7 minutes. In this manner, the centrifugal
force vector was always tangential to the cells. The culture well was placed in the
centrifuge tube such that the centrifugal force vector was parallel to the grooves. The
shear stress experienced by the cells could be varied by changing the rotational
speed of the rotor. The procedure was repeated at different rotational speed (and
therefore different shear stress values, ranging from 0 - 45 dynes/cm2) for the different
substrata. Multiple substrata of each surface type were used for the experiment. One
substratum of each surface type was used for each rotational speed. The removal of
cells was determined by measuring the gamma counts in each well at the beginning
and at the end of the centrifugation. The difference between the initial and final counts
yielded a measure of the number of cells removed.
5.4.2.2 Adhesion Curves
Results from a typical cell adhesion experiment are shown in Figure 5.1.
Percentage of cells removed is plotted as a function of gravitational force (g) or shear
stress for the different types of substrata to yield "adhesion curves". The data for the
smooth surface show that a majority of cells are removed abruptly at a critical shear
force of approximately 12 dynes/cm2. This value is consistent with shear force values
98
.4 A
IVU
a 80
cu
co
o 60
0
C
4aa 40
0
o- 20
0
0 500 1000 1500 2000 2500 3000
Shear Force (g)
I I I I I I i
0 8 16 24 32 40 48
Shear Stress (dynes/cm2 )
Figure 5.1 Cell removal from different substrata with increasing shear force.
Experiments were conducted on a variety of smooth and grooved substrata
using a cell adhesion assay based on centrifugal force.
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that have been reported in the past for mammalian cell detachment from surfaces
(Olivier and Truskey, 1993). In comparison to the smooth surface, removal of cells
from grooved substrata was less dramatic. Cell detachment from grooved substrata at
any given shear force was a function of the groove dimensions, 'w', 'r' and 'd' (Figure
5.1). For example, cell adhesion was better on the substratum with groove dimensions
of 7 x 3 x 3.5 !gm than with groove dimensions of 14 x 6 x 2 m. These results
demonstrated that, when exposed to shear, stability of confluent AtT-20 cell cultures
was enhanced on grooved substrata and that the degree of enhancement was a
function of the groove dimensions.
An explanation to this behavior arose from the qualitative observations made
while studying the spreading and proliferation of AtT-20 cells on smooth and grooved
substrata. After initial seeding of cells on the grooved substrata, majority of the cells
were found to reside in the grooves. As stated earlier, the cells were found to spread
parallel to grooves and propagated along grooves. Cells avoided crossing grooves,
so much so that several large unoccupied areas remained on the substratum several
days after cell seeding. These area corresponded to those grooves on which no cells
attached initially. This phenomenon is described schematically in Figure 5.2. In
contrast, cells on smooth substrata spread with no specific alignment and formed
extensive network between adjacent cells. AtT-20 cells are known to exhibit strong
cell-cell interactions. When these cells grow in multilayers, the cell-cell interaction is
sufficiently strong to overcome the adhesion of cells with the substratum. This leads to
the detachment of the entire layer of cells in the form of 'sheets'. The abrupt removal of
cells from the smooth surface at a critical shear force is consistent with this
phenomenon. Once the cells start to detach from the substratum, due to their strong
100
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igure 5.2 Proposed mechanism for improved stability of AtT-20 cells on parallel grooved substrata.
ells on grooved substrata align and propogate along grooves, preventing formation of cell network.
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interaction with the neighboring cells, entire polulation of cells is sheared and
dislodged from the surface. The result is the complete removal of the entire cell layer.
Our hypothesis is that an abrupt removal of the entire cell layer does not occur in
grooved substrata because the grooved surface morphology prevents the formation of
this extensive cell-cell network. If this hypothesis is correct, cells should detach as
"threads" instead of "sheets" because cells do interact with other cells within each
groove. To test this hypothesis, we detached the cells from different substrata
enzymatically with trypsin. This was a gentler process than centrifugation and the
detachment process could actually be monitored. Photographs taken during the
detachment process show that cells indeed lift off as complete layers or as sheets from
smooth surfaces (Figure 5.3a), while they do appear as 'threads' detaching from the
grooved substratum (Figure 5.3b).
These results provided an explanation as to the reason why cell-substratum
adhesion on some grooved substrata was better than on others. The enhancement of
cell adhesion on grooved substrata depends on the efficiency of the substratum to
prevent cell-cell interactions. We further hypothesized that the ability of a substratum
to prevent cell-cell interaction should depend upon how adequately the cells could be
confined in grooves. The efficiency of each grooved substratum to confine cells was
developed as a "confinement factor" (CF) and is a function of the groove dimensions
w, r and d. The physical description of the confinement factor (CF) is presented below.
5.4.2.3 Confinement Factor (CF) of Grooved Substrata
To understand how the groove dimensions affected the confinement factor (CF),
experiments were conducted with a variety of grooved substrata that differed
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Figure 5.3 Photographs of AtT-20 detaching from smooth (A) and grooved substrata (B).
Cells appear to detach in 'sheets' on smooth surfaces but as 'threads' from grooved
substrata. Cells were detached by incubating them with trypsin-EDTA.
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significantly with respect to groove dimensions. The dependence of CF on
dimensions of 'w', 'r' and 'd' was evaluated based on our observations on how cells
interacted with each substratum. Dimensions of 'r' in all substrata used in the present
study was such that very few cells resided on the ridges (space between grooves).
The dependence of 'r' on CF was therefore neglected. Our proposed model on how
dimensions of 'd' and 'w' affected CF is described as follows.
1. When the groove depth 'd' was small as compared to the dimensions of a typical
cell, the substratum behaved like a smooth surface and thus cell confinement was low.
2. When the groove width 'w' was small as compared the dimensions of a typical cell,
confinement of cells was low.
3. When 'w' was very large as compared to the dimensions of a typical cell,
confinement of cells was low.
4, Finally, when 'd' was very large as compared to the dimensions of a typical cell, cell
confinement was again low.
These observations are schematically described in Figure 5.4 and can be
mathematically formulated as the following limiting conditions.
As d -> 0, CF -> 0 (5.1)
As w-> 0, CF--> 0 (5.2)
As w -->o, CF--> 0 (5.3)
As d-> o, CF--> 0 (5.4)
These limiting conditions imply that there exists a maximum value of the
confinement factor, corresponding to maximal cell confinement, at a certain 'd' and of
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'w'. A mathematical function that satisfies the above limiting conditions can thus be
formulated. This function would provide a quantitative sense to confinement and could
be described as a function of the groove dimensions 'w' and 'd'. There are potentially
many functions that satisfy these conditions, but one of the simplest equations is the
following.
CF= (da2 ).( )exp( 2 .exp(- 2w) (5.5)
a2 b2 a b
This function is analogous to the relationship derived by Neils Bohr between the
distance from the nucleus and the probability of finding an electron in a hydrogen atom
(commonly known as Bohr radius, Atkins, 1984).
The constants 'a' and 'b' correspond to values of 'd' and 'w' that result in the
maximum confinement of cells. An initial estimate of these constants was made by
assuming that 'a' and 'b' are values of 'd' and 'w' that enable 70% of the cell to enter a
groove. This assumption is based on qualitative judgement alone and it does not bear
any particular physical significance. It was further assumed that the values of 'a' and
'b' are similar since they must be of the same order of magnitude. Thus, the values of
'a' and 'b' were set equal. By simple geometric considerations, the values for'a' and
'b' can be approximated as;
a = b = 0.62 DC (5.6)
where, Dc is the diameter of a typical cell in suspension.
Fixing the value of the constants 'a' and 'b' in this manner allows equation 5.5
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to be solved completely free from any adjustable parameter. Substituting the values of
'a' and 'b' from equation 5.6 into equation 5.5, we obtain
CF = ( d2 w2).exp(. 2(d+w) (5.7)
CF .15 Dc4 0.62.D )
Equation 5.7 was used to calculate the confinement factor for all grooved
substrata employed in the cell adhesion experiments. A mean cell diameter (Dc) of 11
Im was used for the AtT-20 cells. Figure 5.5 shows the adhesion behavior at the
corresponding confinement factor values. It is quite apparent that as the confinement
factor of the substratum increases, the adhesion force to remove cells increases and
thus the stability of cells at a given shear stress is better.
This behavior can be further analyzed more quantitatively by extracting a
parameter from the adhesion curves and correlating it with the confinement factor.
This parameter incorporates all the information contained in the data between the
adhesive force and the removal force. One such parameter, designated as the
"adhesion performance parameter", is the average force that is needed to remove the
same number of cells from different substrata. A higher force would signify better cell-
adhesion strength and vice versa. This parameter can be calculated from each
adhesion curve by taking the inverse of the average slope from the data in Figure 5.5.
Since significant cell detachment did not occur on any substratum when shear force
were less than 750 g's, the inverse of the slope was calculated when the shear forces
were greater than 750 g's. This procedure is schematically shown in Figure 5.6. This
calculated adhesion performance parameter is representative of the cell-substratum
adhesion strength of AtT-20 cells and is plotted as function of the substratum type in
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Figure 5.5 Confinement factor of each substratum plotted along with its
corresponding adhesion curve. The adhesion curve shift upwards with
increasing confinement factor, resulting in improved cell-substratum adhesion.
Confinement factor is shown in parantheses.
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Figure 5.6 Measurement of the average slope of each adhesion curve for shear forces
greater than 750g. The inverse of this value was used as the adhesion performance
parameter.
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Figure 5.7.
When the adhesion performance parameter was plotted as function of the
confinement factor, a monotonic relationship was found, as shown in Figure 5.8. This
behavior demonstrates that cell adhesion improves as the confinement factor of the
substratum increases and supports our contention that the mechanism through which
a grooved substratum improves stability of confluent cell cultures is via confining cells
and preventing extensive cell-cell interactions.
A word of caution is in order with regard to the usage of this equation 5.8. It is
simply a quantitative manifestation of the qualitative physical model developed from
experimental observations. In this regard, it must be considered an empirical
relationship and cannot provide detailed physical meanings to this model. Use of this
function must be limited to the range of groove dimensions used in this study. This
analysis is valid for only those cells that exhibit strong cell-cell interactions and that
tend to detach in form of entire sheet. The physical phenomenon for cells that detach
as single cells is quite different and may not follow the analysis present here. Finally, it
must be realized that this is an initial attempt to quantitate the adhesion of cells on
rough substrata and further refinement of the equation 5.7 is possible with the
availability of more data.
5.4.3 Cell Function
The functional behavior of AtT-20 cells, cultured on the various substrata used
in the adhesion experiments, was assessed based on the rate of constitutive and
regulated secretion of insulin. These secretion rates are plotted as a function of
surface type in Figure 5.9. Although there appear to be minor differences in the
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Figure 5.7 Adhesion performance parameter, defined as the shear force required
to remove a unit number of cells, is plotted as a function of surface type.
The enhancement in cell-substratum adhesion strength is a function of the
groove dimensions.
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regulated secretion rates on the different surfaces, they are statistically insignificant
when variability in cell counting, in the insulin assay, and variability between separate
experiments are all taken into account. These results suggest that AtT-20 cell function
is not affected by surface morphology, at least in the range of groove dimensions
considered in the present study. The lack of dependence of AtT-20 cell function on
their shape is not surprising. These cells are transformed and cell shape or the extent
of spreading of such cells, in general, does not affect either growth or function (Ben-
Ze'ev et al., 1980; Wittelsberger et al., 1981).
5.4.4 AtT-20 Cell Culture on Rough Microcarriers
The data presented in the previous sections suggests that cell-substratum
adhesion strength can be enhanced by roughening the substratum. The roughening
must be such that the morphological features of the surface are in the same order of
magnitude as the size of a typical cell. An attempt to apply this result to microcarrier
cell culture, an industrially relevant process, is described in this section.
Solid microcarrier beads, 150-210 gm in diameter, have been used for large-
scale cell culture of anchorage-dependent cells for many years. Cells are allowed to
attach on the surface of the microcarrier beads and the beads are suspended in a tank
filled with medium by agitation. Due to the agitation, cell detachment from
microcarriers is common. This problem is quite severe for cells, such as AtT-20, since
they are highly sensitive to fluid shear. Many attempts in our laboratory to culture AtT-
20 cells on numerous commercially available microcarriers have failed. We surmised
that this problem could be solved by enhancing cell-substratum adhesion, by
roughening the morphology of the microcarrier surface.
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In the absence of a suitable assay to assess subtle differences in growth
between one microcarrier from the other, the AtT-20 cells were an excellent model
system for evaluating performance of the microcarriers. Since these cells simply do
not grow on smooth microcarriers, any sign of growth or non-growth on the rough
microcarrier was sufficient to judge the effect of the surface morphology on their
performance.
Plastispex® brand polystyrene microcarriers were used in this study because,
according to the manufacturer, the surface of these microcarriers were not treated in a
special manner, as is routinely done for most other commercially available
microcarriers. This was important for our experiments because the procedure for
roughening the microcarriers, detailed in chapter 3, caused scratching of the surface
and resulted in exposure of the material below the surface (bulk). It was imperative
that the exposed surface was the same as the original surface (unscratched regions)
to maintain spatial homogeneity in surface chemistry. Smooth microcarriers
(unscratched) could then be used as controls and differences in cell attachment and
growth on the different microcarriers could be judged solely on the basis of surface
morphology. An example of the smooth and roughened microcarriers are shown in
Figure 5.10.
Cells were cultured on smooth and rough microcarriers simultaneously in
separate spinner flasks. Details of the culture start-up and maintenance were
described in Chapter 3. Cell growth was assessed by sampling the microcarriers on a
regular basis and examining cell growth qualitatively through microscopic
examination. Cell growth was also assessed indirectly, but more quantitatively, by
monitoring the rate of lactate accumulation in the medium. Cell attachment and growth
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Figure 5.10 Scanning electron micrographs of Plastispex microcarriers befor (A) and after
(B) roughening. Microcarriers were roughened by abrading them in between two 600 grit
SiC sheets.
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on rough microcarriers was significantly better than on smooth microcarriers. This can
be seen from photographs of the smooth and rough microcarriers after 2 and 10 days
in culture, as shown in Figure 5.11. A much larger number of cells remain attached to
the rough microcarriers, as compared to the smooth microcarriers. The lactate
accumulation data, presented in Figure 5.12, confirm this finding. The exponential
production of lactate by cells cultured on the rough microcarriers indicates that
significant growth occurred presumably due to exponential cell growth. In contrast, the
lactate levels in smooth microcarriers remain low for the entire culture indicating no
growth.
The dramatic difference in the growth of AtT-20 cells between rough and
smooth microcarriers appears to be mediated by improved attachment of cells on the
rough microcarriers during the initial seeding stage. Cells attached on the smooth
microcarriers appear to detach due to agitation, while they remain attached on the
rough microcarriers under the same conditions. The attached cells are able to
proliferate because of the availability of the surface while the detached cells eventually
die. Because AtT-20 cells can grow in multilayers, they continue to grow to form
aggregates and eventually peel off from the surface. The cell aggregate, called
spheroids, can survive in the absence of a surface. A large number of such spheroids
were visible during the late stages of the rough microcarrier culture and almost none in
the smooth microcarrier cultures. In this regard, the rough microcarriers can be
considered as a nucleation site for the AtT-20 cells for the formation of spheroids.
5.5 Conclusions
In this chapter, we have shown that adhesion of certain cells, that are sensitive
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Figure 5.11 AtT-20 cells cultured on smooth (A) and roughened (B) microcarriers.
Photographs were taken 12 days after initial cell seeding. Few cells appear to have
attached on smooth microcarriers (A) while significant cell growth is seen on rough (B)
microcarriers.
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Figure 5.12 Lactate accumulation in microcarrier cultures of AtT-20 cells.
Roughened and smooth Plastispexe microcarriers were used in separate
125 ml spinner flasks.
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to fluid shear, can be improved by changing the surface morphology of the underlying
substratum. Stability of confluent AtT-20 cell cultures was better on micromachined
grooved glass as compared to smooth glass surfaces. This improvement was
explained by showing that the grooved substrata prevented formation of extensive
cell-cell network. Differences in the cell adhesion characteristics between different
grooved substrata was explained by showing that confinement of cells in grooves was
important for prevention of the cell-cell network. The ability of cell confinement for
each grooved substratum was dependent upon the groove dimensions. A
mathematical index, called confinement factor was developed in terms of the groove
dimensions 'd' and 'w', and the adhesion performance of the substratum was shown to
correlate linearly with the confinement factor. The regulated secretion function of AtT-
20 cells was found to be unaffected by surface morphology of the substrata used in the
present study.
Ideas developed from adhesion experiments with grooved substrata were
applied to the practical example of microcarrier cell culture. AtT-20 cells, that were
unable to grow on commercially available smooth microcarriers, were shown to grow
on the same microcarrier after they had been roughened. This difference in cell
growth appeared to be mediated by improved attachment of cells to rough
microcarriers during the initial seeding.
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Chapter 6. Effect of Substratum Topography on Cell Growth and Function
6.1 Introduction
In this chapter, experimental data from our studies on the effects of substratum
topography on cell growth and function are presented. The hypothesis in these
studies has been that substratum morphology affects cell growth and behavior by
modulating the extent of cell spreading. This hypothesis is based on the premise that
cell shape is a major determinant of cell growth and function. Evidence to support this
biological coupling between cell shape, and cell growth and function has appeared in
an impressive body of literature over the past 15 years (Folkman and Moscona, 1978;
Gospodarowicz et al., 1978; Glowacki et al., 1983; Bissell et al., 1987a,b; Ingber et al.,
1987; Ben-Ze'ev et al., 1988; Ingber and Folkman, 1989; Ingber, 1990; Mochitate et al.,
1991; Mooney et al., 1992).
To systematically study the role of surface topography on cell growth and
function, glass substrata with defined, parallel grooved surface morphology were
prepared. The characteristic dimensions of the various grooved substrata used in the
study are shown in Table 6.1. These substrata, in conjunction with smooth surfaces as
controls, were used to elucidate the role of groove dimensions on cell physiology.
Previous work with defined, grooved substrata has provided qualitative evidence that
substratum morphology affects cell shape and cell function (Hong and Brunette, 1987;
Chemsel et al., 1989). However, no quantitative data are available and the role of the
various groove dimensions on cell spreading has not been elucidated. A fundamental
understanding of the underlying mechanisms that govern cell spreading, growth and
function on grooved substrata could be quite useful. Our objective in the present study
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Surface width, w ridge, r depth, d
(lm) (pm) (rm)
1 infinite infinite 0
2 11 3 3.5
3 15 5 2.5
4 17 7 4
5 20 10 3
width, w ridge, r depth, dSurface ()m) (m)(Am) (un) (Lm)
1 infinite infinite 0
2 20 10 9
3 20 10 5
4 16 8 6
5 13 1 7
6 11 9 9
7 11 9 5
8 9 5 3.5
9 7 3 3.5
Table 6.1. Characteristic dimensions of grooved substrata used in preliminary (A)
and expanded experiments (B). Groove width, ridge width and groove depth are
represented by'w', 'r' and 'd' respectively.
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is to provide quantitative data on the effects of groove dimensions on cell physiology
and to provide insights into the mechanisms that may be responsible for these effects.
6.2 Model Cell
The choice of an appropriate cell type was important in our experiments on the
effect of substratum morphology on cell growth and function. This point can be
elaborated by considering the example of AtT-20 cells, which were used as the model
cell for the adhesion experiments. In Chapter 5, we have shown that substratum
morphology had no major effect on the growth or function of AtT-20 cells. If substratum
morphology could affect cell growth and function, why were the AtT-20 cells not
affected? There are two possible explanations for this behavior. First, spreading of
AtT-20 cells may not have been sufficiently modulated on the substrata used in the
adhesion experiments to cause any difference in cell growth and function. Second,
while a strong correlation has been shown to exist between cell shape and function for
normal cells, this relationship is known to become progressively less important as the
cells become more transformed (Ben Ze'ev et al., 1980; Wittelsberger et al., 1981).
For this reason, changes in cell shape may not have any bearing on the growth and
function of AtT-20 cells as they are transformed cells. AtT-20 cells are therefore not
necessarily the best model system to study the role of surface morphology on cell
shape and function. Instead, a good model cell type would be one in which a
relationship between cell extension and its growth and function is well established.
Primary rat hepatocytes are a good example of such cells. Previous studies
have established that cell shape can control growth and differentiated function of
primary hepatocytes (Mooney et al., 1992). Thus, if the effect of surface morphology
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on cell growth and function are to be mediated by changes in cell extension,
hepatocytes would be a sufficiently sensitive cell type to elicite these effects. Finally,
hepatocytes are highly differentiated cells and perform many complex functions. They
secrete a number of cell specific proteins, such as, albumin, transferrin and fibrinogen.
The secretion level of these proteins can be used as indicators of the differentiated
state of hepatocytes. and thus, hepatocyte differentiated function can be easily
assayed. For these reasons, primary rat hepatocytes have been chosen as the model
cell for the present studies.
6.3 Results and Discussion
6.3.1 Preliminary DNA Synthesis Studies
Preliminary studies to examine the effect of surface morphology on DNA
synthesis in hepatocytes were conducted with the set of grooved substrata shown in
Table 6.1A. Details of the cell culture and the assay for DNA synthesis were described
in Chapter 3. Briefly, cells were seeded onto laminin coated substrata and allowed to
attach for 48 hours. A sparsely seeding density (3000 cells/cm2) was used to avoid
cell-cell interactions. Hepatocytes interact strongly with each other and this interaction
can significantly affect their interaction with the substratum. After 48 hours of
incubation, 3H thymidine was added to the medium and the cells were incubated for
another 18 hours for DNA synthesis to occur. Cells which entered the S phase of the
cell cycle and were actively synthesizing DNA, would incorporate the 3H thymidine
into their DNA. Upon autoradiography, cells that had incorporated the 3H thymidine
could be directly visualized on the substratum by the presence of dark nuclei. DNA
synthesis was quantified by counting the positive and total cells in a number of random
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fields on the substratum. The average number of positive cells was divided by the
average number of total cells to obtain the fraction of cells that had incorporated the 3H
thymidine. This fraction was designated as the 'nuclear labelling index' and was a
measure of DNA synthesis. The nuclear labelling index was obtained for all the
substrata and plotted as a function of the substratum type, as shown in Figure 6.1.
This data showed that DNA synthesis in some grooved substrata (e.g., 25 x 5 x 3 gm)
was similar to that on a smooth surface, but it differed significantly in others (e.g, 11 x 3
x 3.5 m). This experiment suggested that substratum morphology affected DNA
synthesis in hepatocytes but did not elucidate the causes for this effect.
6.3.2 Emergence of a Mechanism
Examination of photographs of the autoradiographed cells provided a clue to
explain the difference in DNA synthesis on certain grooved substrata. The
photographs in Figure 6.2 show that the shape of the visible dark nuclei on the various
substrata was significantly different. Nuclei of cells on the smooth substratum (Figure
6.2A) appear highly spread and circular in shape. However, nuclei on the grooved
substrata appear to be entrapped in the grooves. The nuclei are unable to expand
perpendicular to the grooves, and can only spread parallel to the grooves. This
phenomenon results in nuclei that appear rectangular in shape. The level of
confinement appears to be a function of the groove width. For example, nuclei on the
substrata with dimensions 15 x 5 x 2.5 gm (Figure 6.2B) appear less constrained than
the nuclei on 11 x 3 x 3.5 gm (Figure 6.2C).
This dramatic difference in nuclear shape on some of the grooved substrata
motivated us to investigate if confinement of the nucleus could affect DNA synthesis in
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Figure 6.1 Nuclear Labelling Index, a measure of DNA synthesis, is plotted
as a function of Substratum Type. Grooved substrata are represented by their
groove dimenstions, wxrxd (in gm)
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Figure 6.2 Visualization of hepatocyte nuclei on smooth (A) and groove substrata (B,
C). Cells were fed with 3H thymidine, fixed and autoradiographed. Cells that were
actively synthesizing DNA, incorporated the 3H thymidine in their nucleus. Upon
autoradiography, nuclei of these cells appear dark. The entrappment of nuclei in
grooves is apparent. All photographs were taken at the same magnification (400x).
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hepatocytes. A literature search revealed that extension of nucleus has been shown
to control DNA synthesis in capillary endothelial cells (Ingber et al., 1987; Sims et al.,
1992). In this study, the extent of nuclear spreading was controlled by plating capillary
endothelial cells on different extracellular matrices. Cells spread to different levels on
the different matrices and the cell and nuclear areas were correlated to the level of
DNA synthesis (Figure 6.3, Ingber et al., 1987). This data suggested the hypothesis
that substratum morphology might affect DNA synthesis in hepatocytes by modulating
nuclear spreading. To test this hypothesis with the limited data for our preliminary
experiment, we measured the area of nuclei on the different substrata using
computerized image analysis (See section 3.5 for details) and plotted the DNA
synthesis as a function of the nuclear area. A linear correlation between nuclear
shape and DNA synthesis resulted, as shown in Figure 6.4, which confirmed that
indeed substratum morphology affected DNA synthesis by modulating nuclear
spreading. Although limited data were used to obtain this correlation, the result was
encouraging. It provided a direction for further experimentation and data analysis.
Because the modulation of nuclear area by grooved substrata was caused by
confinement of nuclei in grooves and because the extent of confinement was a
function of groove dimensions, it occurred to us that perhaps the confinement factor,
developed to explain cell adhesion phenomenon on grooved substrata, could be
useful in explaining the levels of DNA synthesis as a function of groove dimensions.
Confinement factor was calculated for the different grooved substrata using equation
5.7 with a cell diameter (Dc) of 22 m for hepatocytes . DNA synthesis data plotted as
a function of the confinement factor (Figure 6.5) suggested that DNA synthesis
decreased with increasing confinement factor. This data also suggested that if
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Figure 6.3 DNA synthesis correlates with cell and nuclear area (taken from Ingber et al., 1987)
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Figure 6.4 Nuclear Labelling Index, a measure of DNA synthesis, in primary
hepatocytes cultured on smooth and grooved substrata correlated with
nuclear area. Nuclear area was measured using computerized image analysis.
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Figure 6.5 Decline in nuclear labelling
correlated with increasing confinement
index, a measure of DNA synthesis,
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substrata with higher confinement factor were to be designed, perhaps a greater
reduction in DNA synthesis could be affected. Therefore, confinement factor could be
used as a design parameter to engineer grooved substrata with greater control over
DNA synthesis. This hypothesis was tested by preparing a set of new grooved
substrata with groove dimensions chosen in such a manner that the confinement
factor of these substrata differed significantly from each other. This included substrata
with much higher confinement factor than the ones that were used in the preliminary
experiments. The characteristic dimensions of the expanded set of substrata are
shown in Table 6.1b. Clearly, the range of confinement factor is significantly larger
(from 0.004 to 0.016) than the preliminary set of substrata (from 0.0033 to 0.0064).
6.3.3 DNA Synthesis Studies with Expanded Set of Substrata
DNA synthesis experiments were conducted on the new set of grooved
substrata in a manner similar to the preliminary experiments. BrdU was used instead
of 3H, but the principle of the assay remained essentially the same (see chapter 3 for
details). Nuclear labelling index was obtained for all substrata and the data were
plotted as a function of substratum-type, as shown in Figure 6.6. The data clearly
showed that DNA synthesis was affected by substratum morphology and was
significantly attenuated on certain grooved substrata. The data, plotted in this fashion,
provided no information on how the groove dimensions affected DNA synthesis.
However, when the same data was plotted as a function of confinement factor, the data
was organized in a monotonically decreasing function, with the DNA synthesis
decreasing with increasing confinement factor (Figure 6.7). This analysis shows that
DNA synthesis reduces as the cell and nuclear confinement increases. It confirmed
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our hypothesis that the effect of substratum morphology on DNA synthesis is mediated
by cell and nuclear confinement.
6.3.4 Hepatocyte Function Studies
Having shown that substratum morphology affects cell growth, its effects on the
differentiated function of cells were evaluated. Differentiated function of hepatocytes
was assessed by measuring the specific rate of albumin secretion. Hepatocytes were
plated on the grooved substrata described in Table 6.1b and the albumin secretion
rate was measured during a 24 hour period on the third day of culture. The results
from the albumin secretion were normalized with respect to the total viable cells. The
fraction of viable cells on each substratum was determined by using a viability assay
based on two fluorescence dyes. The procedure was presented in chapter 3. Total
cell number on the substratum was then obtained by trypsinizing the cells and
counting them in a Coulter Counter. Total viable cells was calculated by multiplying
the fraction of viable cells with the total cell count.
The rate of albumin secretion, relative to the rate on smooth substratum, is
plotted as a function of surface type in Figure 6.8, These data demonstrate that
hepatocyte function is affected by the underlying surface topography; in some
substrata the albumin secretion is greater than 50%. If our contention that the effect of
surface morphology on cell function is mediated by the modulation of cell spreading is
true, hepatocyte function must be a function of the substratum confinement factor. This
was indeed found to be the case, as shown in Figure 6.9. Albumin secretion rate
appears to increase with increasing confinement of cells. When albumin secretion
rate and DNA synthesis levels are plotted together as a function of confinement factor,
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Figure 6.8 Relative rate of albumin secretion by hepatocytes (day 3) cultured on various
substrata. Secreted albumin in the medium was measured by a quantitative ELISA
technique.
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Figure 6.9 Albumin Secretion Rate by Hepatocytes on various grooved
substrata is correlated to substratum's confinement factor. All rates were
normalized to the rate on smooth substratum.
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we find that DNA synthesis decreases and albumin secretion rate increases with
increasing confinement factor (Figure 6.10). These data are consistent with past
studies, which show that hepatocytes can be switched between growth and
differentiation by modulating cell shape (Mooney, 1992). In these past studies, DNA
synthesis was reduced and differentiated function was improved when hepatocyte
spreading was restricted when cells were plated on substrata coated with low
concentration of extracellular matrix (ECM) molecules. In contrast, when cells were
allowed to spread extensively on substrata coated with a high concentration of ECM
molecules, DNA synthesis increased and differentiated function declined. In the
present study, cell spreading is increasingly restricted with increasing confinement
factor, resulting in reduced DNA synthesis and increased differentiated function.
6.4 Conclusions
The study described in this chapter demonstrates that substratum morphology
can affect cell growth and differentiated function of normal cells by modulating cell and
nuclear spreading. The modulation of cell spreading on parallel grooved substrata
appears to occur via confinement of cells in grooves. The level of DNA synthesis and
the rate of albumin secretion in hepatocytes cultured on different grooved substrata
could be correlated to the confinement factor of the substratum; confinement factor is a
measure of the ability of a substratum to confine cells. Cell growth decreased and
differentiated function improved with increased cell confinement. These results
indicate that indices such as the confinement factor can be used as design parameters
to engineer substrata with appropriate surface morphologies and maintain cells in the
desired physiological state.
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Chapter 7. Engineering Substrata for Controlling Cell Behavior
7.1 Introduction
Studies with grooved substrata demonstrated that substratum morphology affects
cell growth and function by physically confining cells and thereby altering cell shape.
Using this information, we were able to engineer substrata with surface morphologies that
increased their ability to confine cells (high confinement factor). These engineered
substrata exhibited significant control over cell growth and function and were described in
Chapter 6.
The concept of controlling cell behavior by physically confining cells using simple
physio-chemical properties of the substratum is a general principle. It can be used to
design more sophisticated surfaces that can impose significantly more control over cell
confinement than the simple parallel grooved morphologies described in the previous
chapter. For example, one obvious limitation of parallel grooved substrata is the inability
to impose restriction on cell spreading parallel to the grooves. Cell confinement is
therefore limited to only one dimension. In this chapter we describe the strategy for
engineering substrata that can restrict cell spreading in two dimensions. Finally, we
describe the implementation of one such strategy.
7.2 Strategies for Two Dimensional Control of Cell Spreading
7.2.1 Truncated parallel groove morphology
In a parallel grooved substratum, the simplest strategy to restrict cell spreading in
the direction parallel to the grooves is to truncate the grooves to an appropriate length.
This is shown schematically in Figure 7.1A. A surface morphology with truncated parallel
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Truncated Grooves
Basket Weave
Pits
Adhesive Islands
Figure 7.1 Strategies for greater control over cell confinement by modulating physiochemical
properties, such as surface morphology (A-C) and surface chemistry (D), of the substratum.
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grooves is a logical step from a continuous parallel groove morphology. The regions in
between grooves can be made thin and non-adhesive for cells. Cells attach on grooves
and are confined in the grooves as before. Cell spreading parallel to grooves, however,
is restricted due to the non-adhesive areas flanking the grooved area.
7.2.2 Basket-Weave Morphology
Another strategy to restrict cell spreading in two dimensions is based on the
premise that cells do not spread across sharp edges. This observation is based on the
fact that cells spread parallel to grooves. The groove edges are sharp which restrict the
spreading of cells perpendicular to grooves. A substratum can be prepared with a
basket-weave morphology, shown in Figure 7.1 B, such that the cell encounters a sharp
edge before it can spread too far.
7.2.3 Pit Morphology
A direct extension of the basket-weave surface morphology is one that consists of
pits of appropriate geometrical shape and size. An example of a square pitted surface is
shown in Figure 7.1C. The regions between pits can be made thin and sharp to prevent
cell adhesion and cells are allowed to attach and spread in the pits alone. The extent of
cell spreading can then be solely governed by dimensions of the pit.
7.2.4 Cell-Adhesive Islands
Another strategy to control cell spreading is to use surface chemistry instead of
surface morphology. For example, if cell-adhesive islands of appropriate size can be
made in a non-adhesive environment, excellent control over cell spreading can be
142
achieved in both dimensions. A schematic of such a surface is shown in Figure 7.1D.
We felt that if a method could be developed to make such a substratum, this particular
strategy would be the most accurate and precise for controlling cell spreading in two
dimensions. The development and implementation of such a protocol is described in the
next section.
7.3 Engineering Substrata with Cell-Adhesive Islands
There are two key problems that must be addressed in fabricating a surface with
cell-adhesive islands:
1. How can one make a surface that is completely non-adhesive to cells? and
2. How can one make adhesive islands of appropriate size (in the micrometer range) and
shape in a non-adhesive area?
Our approach to answer these questions is described below.
7.3.1 Macroscopic Cell Patterning
Since cell adhesion to artificial surfaces is mediated by the adsorbed extracellular
matrix (ECM) proteins, a surface that completely resists protein adsorption would be an
excellent candidate to inhibit cell adhesion. One such surface is formed when gold is
derivatized with a compound called "polyethylene-terminated-alkanethiol
((HS(CH2)11(OCH2CH2)60H))" or "PEG-thiol" (Prime and Whitesides, 1991, 1993).
Alkanethiols (general formula: HS(CH2)nR) are a general class of compounds that
spontaneously react with gold to form "self-assembled monolayers (SAMs)". A number of
excellent reviews have dealt with this subject in detail (see for example, Whitesides and
Laibinis, 1990). In brief, the sulfur atom in the alkanethiol reacts with gold to form a very
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stable bond. The alkanethiol molecules stack up with each other at a cant of 30' to form a
monolayer and functional group 'R' forms the interface (Figure 7.2). Appropriate 'R'
groups can be used to create the desired surface properties. Prime and Whitesides
(Prime and Whitesides, 1991, 1993) have shown that when an alkanethiol, terminated
with a hexamer of ethylene glycol (-(OCH2CH2)60H), is used to form a SAM on gold, the
surface becomes completely resistant to protein adsorption. In contrast, a SAM formed by
adsorption of a hexadecanethiol (HS(CH2)15CH3, an alkanethiol with -CH 3 as the
functional group) results in a hydrophobic surface that readily adsorbs protein (Prime and
Whitesides, 1991, 1993). Thus, the SAM on gold system allows the formation of both
protein resistant and protein adsorptive substrata.
The feasibility of this system for modulating cell adhesion was tested in a
macroscopically patterned substratum that was half derivatized with PEG-thiol and half
with hexadecanethiol. The surface was coated with the purified extracellular matrix
protein, laminin, and hepatocytes were plated in serum-free medium on the coated
surface (see Chapter 3 for details). Cells were incubated for 24 hours to allow adhesion
with the substratum. After washing the substratum with PBS, the attached cells were
fixed with glutaraldehyde, dehydrated in methanol and air dried. The substrata were then
visualized in a microscope. Cells were found attached only on the hexadecanethiol
derivatized regions. Regions derivatized with PEG-thiol were completely devoid of cells.
A photograph of this macroscopically patterned surface is shown in Figure 7.3.
This experiment proved that the SAM on gold system was feasible in creating
regions that were cell adhesive and regions that were completely non-adhesive. The
next step was to develop a technique that would create micrometer-sized islands of the
hexadecanethiol SAM in a region derivatized with the PEG-thiol.
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Gold-Alkanethiol Chemistry
Functional
Group, R
Alkanethiol
SAM
Gold
Substratum
Hexadecanethiol
(HS(CH2) 1 5CH3 )
* Hydrophobic Interface
* R = (-CH 3 )
* Adsorbs Protein
PEG-terminated Alkanethiol
(HS(CH2)1 1 (OCH2 CH 2 )6 0H)
* Hydrophilic Interface,
* R = (-(OCH 2 CH2 )6 0H)
* Resists Protein Adsorption
Figure 7.2 Alkanethiols (R(CH2)nSH) chemisorb on gold surfaces to form
self-assembled monolayers (SAM). The functional group, R, can be changed to
manipulate interfacial properties.
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Figure 7.3 Photograph of a macroscopically patterned gold substratum with alkanethiols.
Hepatocytes are attached on the part of the substratum that was derivatized with
hexadecanethiol (Bottom). No cells attached on areas that were derivatized with PEG-thiol
(Upper region).
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7.3.2 Patterning Islands
A simple and flexible method for creating cell-adhesive islands on gold was
developed using an elastomeric polydimethylsiloxane (PDMS) stamp (Figure 7.4). The
method for preparing the elastomeric stamp was described in Chapter 3. The elastomeric
stamp was used to pattern the adsorption of hexadecanethiol in a self-assembled
monolayer on gold substrata (Figure. 7.4A). The remaining bare gold regions were
derivatized with the PEG-terminated alkanethiol. Using this technique,
hexadecanethiolate regions of defined size (lateral dimensions of 2-80 m) that
supported protein adsorption were produced on otherwise non-adhesive gold surfaces
(Figure. 7.4B). Exposure of this substratum to laminin resulted in formation of protein-
coated islands of defined geometry and distribution (Figure. 7.4C) which corresponded
precisely to the patterns formed from SAMs of hexadecanethiolate (Figure. 7.4B).
7.3.3 Control of Cell Shape
The ability of this technique to control cell distribution and shape was explored by
plating primary rat hepatocytes in hormonally-defined medium on laminin-coated
substrata that were stamped with square and rectangular islands having micron
dimensions. Cells attached preferentially to the adhesive, laminin-coated islands and
were prevented from extending onto surrounding non-adhesive regions (Figure. 7.4D).
Selective attachment of cells to these adhesive islands resulted in development of
regular arrays of individual adherent cells that were aligned single file in both horizontal
and vertical columns, extending over large areas (mm2) of the culture surface (Figure.
7.5). The adhesive islands limited cell spreading and largely prevented cell-cell contact
formation. A few cells (less than 10%) extended ruffling membranes outside of the
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Figure 7.4. (A) Diagrammatic representation of the method for fabricating the rubber
stamp and creating patterned substrata (Kumar and Whitesides, 1993). (B) Scanning
electron micrographs (SEM) of the substratum after imprinting 40gm x 40gm squareswith hexadecanethiol and exposure to PEG-terminated alkanethiol (Lopez et al.,
1993). (C) SEM of a laminin-coated patterned substratum. (D) SEM of a similarlaminin-coated substratum containing adherent rat hepatocytes.
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Figure 7.5. High (A) and low (B) magnification views of SEMs showing a patterned
region which contains cells adherent to adhesive islands of varying size. In this study,
the patterned region extended over approximately 9 mm2 without discontinuity.
However, on occasion unpatterned areas have been observed within otherwise highly
patterned regions.
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adhesive areas and bridged between adjacent islands, however, this could be reduced
by increasing the width of the non-adhesive boundary. In most cases, cells conformed to
the shape of the underlying island with mean projected cell areas, determined by
computerized image analysis, were consistently within 20% of the designed island area.
In many cells, the abrupt prevention of cell spreading at the lateral borders of each island
resulted in formation of corresponding square (Figure. 7.4D) and rectangular (Figure.
7.6A) cells with "corners" that approximated 90 degrees. In contrast, cells plated at the
same density on unpatterned, laminin-coated gold substrata spread extensively, formed
numerous cell-cell contacts, and exhibited normally pleiomorphic forms (Figure. 7.6B).
Thus, the shape and spatial distribution of cultured cells could be simply controlled using
our rubber stamp" method to engineer adhesive islands with desired design
characteristics and shapes.
7.3.4 Control of Cell Growth and Function
Since the extent to which a cell spreads influences its growth and function
(Folkman and Moscona, 1978; Gospodarowicz et al., 1978; Glowacki et al., 1983; Bissell
et al., 1987a,b; Ingber et al., 1987; Ben-Ze'ev et al., 1988; Ingber and Folkman, 1989;
Ingber, 1990; Mochitate et al., 1991; Mooney et al., 1992), maintaining large populations
of cells in specific shapes on patterned substrata could be an effective way of controlling
both the behavior of individual cells and the performance of the entire culture. By
fabricating adhesive islands of varying size on a single substratum (Figure. 7.5), we were
able to maintain cells at defined degrees of extension (Figures. 7.5 & 7.6A) for extended
periods of time, independent of the presence of growth factors (Ingber et al., 1987;
Gospodarowicz et al., 1978) or the composition (Ingber et al., 1987; Gospodarowicz et
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Figure 7.6. (A) Control of cell shape and size on patterned substrata. Hepatocytes were plated on
separate rectangular islands with dimensions of 40x1 5, 60x1 5, 70x20 and 8x30m (from top to
bottom). Only cells which fully conformed to the shape of the island are shown (B) Cells adherent
to an unpatterned substratum. Cell bodies were visualized by overexposing fluorescent micrographs
of cells that were stained for incorporated BrDU using an indirect immunofluorescence DNA
synthesis assay. Nuclear uptake of BrdU (DNA synthesis) was only observed in the largest cells on
the unpatterned substratum in this figure. All photos were printed at the same magnification (bar =
80m).
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al., 1978; Ben-Ze'ev et al., 1988; Bissell et al., 1987a), mechanics (Ingber, 1990; Ingber
and Folkman, 1989; Mochitate et al., 1991; Li et al., 1987; Emerman and Pitelka, 1977), or
molecular density (Ingber, 1990; Ingber and Folkman, 1989; Mooney et al., 1992) of the
extracellular matrix. Quantitation of DNA synthesis in hepatocytes cultured on islands of
different size in defined medium containing saturating amounts of soluble growth factors
(EGF, insulin, and dexamethasone) revealed significant differences in the number of cells
that exhibited nuclear labelling (Figure. 7.7A). DNA synthesis, measured over a period of
18 hours, was highest (60% nuclear labeling index) in cells on unpatterned surfaces
where cells could spread without restriction. Decreasing the size of the adhesive islands
resulted in a progressive reduction in growth such that less than 3% of the cells adherent
to the smallest islands (less than 1600 m2) entered S phase. This result was not due to
changes in cell viability; similar percentages of cells incorporated the vital dye, calcein
AM, on all substrata.
We assessed the differentiated function of hepatocytes cultured on substrata
coated with uniformly sized islands by assaying the culture supernatant for secretion of
albumin, a liver-specific product. Hepatocytes cultured on unpatterned substrata rapidly
lost the ability to secrete high levels of albumin (Figure. 7.7B), as previously reported
(Bissell, 1987a; Caron, 1990). In contrast, hepatocytes maintained near normal levels of
albumin secretion for at least 3 days when cultured on the smallest adhesive islands (40
x 40 gm) that fully restricted cell extension (Figure. 7.7B). In general, albumin secretion
rates decreased as the size of the adhesive island was increased and growth was
promoted (Figure. 7.7A,B). These data are consistent with studies, that show that cells,
such as hepatocytes, can be switched between growth and differentiation in the presence
of soluble mitogens by modulating cell shape (Ingber, 1990; Ingber and Folkman, 1989;
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Figure 7.7. (A) Relationship between adhesive island area, DNA synthesis, and albumin
secretion. DNA synthesis was measured by quantitating nuclear incorporation of BrdU
(Gonchoroff et al., 1868). Albumin secreted into the medium from 56-80 hr after plating
was measured using a quantitative ELISA technique (Schwerer et al., 1987). (B)
Maintenance of albumin secretion within hepatocytes cultured on adhesive islands of
varying size.
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Mooney et al., 1992).
Adhesive islands of palladium on a non-adhesive underlayer of cellulose acetate
(Carter, 1967; Harris, 1973), agar (Westermark, 1978; Ponten and Stolt, 1980), or poly-
hydroxyethylmethacrylate (O'Neill et al., 1986; O'Neill et al., 1990) have been fabricated
and used to study the spreading, migration, and growth of cultured cells in the past.
However, control of production of tissue specific cell products, a process that is critical for
biotechnology and bioprocessing, has not been previously demonstrated using this type
of engineering approach. More importantly, the rubber stamp technique is much more
versatile than these past methods, which require continued access to elaborate
equipment (e.g., spin-coater, vacuum evaporator, aligner, ovens) to fabricate patterned
substrata; only the stamp, substratum, and "chemical ink" are needed. This simplicity also
permits patterning of large surface areas because the culture substrate need not fit within
a vacuum evaporator. Furthermore, the chemistry of the spontaneously assembled
monolayer can be altered to provide desired qualities, incorporate specific ligands, or
present chemically active group for subsequent covalent coupling (e.g. tosyl group) of
soluble protein. None of these options, which are critical for biological applications, were
available in the past.
7.4 Conclusions
A 'rubber stamping' technique has been developed for preparing substrata with
cell-adhesive islands. Cell-adhesive islands can effectively control cell spreading in two
dimensions. In this manner, they provide a simple and convenient method to engineer
the shape, distribution, and function of individual cells and to control the overall
performance of a cell culture. Experiments with these substrata demonstrate that cell
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behavior can be controlled solely by the physio-chemical properties of the substrata,
even in the presence of saturating amounts of soluble mitogens and extracellular matrix.
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Chapter 8. Conclusions and Recommendations
8.1 Introduction
The work described in this thesis explored the effects of substratum topography
and chemistry on animal cell behavior. It was the result of a multi-disciplinary effort.
The work was initiated as a biochemical engineering problem and was guided with
hypotheses that were based on knowledge of cell biology. Experiments to test these
hypotheses required input and resources from a number of different disciplines, such
as, biomedical science, material science, chemical engineering and chemistry.
Several new techniques were developed to conduct the experiments. Development of
these techniques was a major accomplishment of this work. The experiments
provided phenomenological descriptions of the cell interaction process with various
substrata as well as insights into the mechanisms governing these phenomena.
Several general conclusions could be drawn from these experiments on the effects of
substratum morphology on cell adhesion, growth and function and on designing
substrata with defined surface topography and chemistry to control cell physiology. A
summary of these conclusions, along with a brief description of other major
accomplishments of this work, are presented in this chapter. Recommendations for
future research and ideas for potential applications of this work are also provided.
8.2 Major Accomplishments and Conclusions
Development of Glass Substrata with Defined Surface Morphology. Glass
substrata with parallel grooved surface morphology were prepared by adapting
protocols of photolithography and plasma etching to glass. Grooves could be etched
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with dimensions that were of the same order of magnitude as the size of a typical
animal cell. With these protocols, grooves up to a depth of 10 g±m could be etched.
The preparation of these substrata with defined surface morphology facilitated a
systematic investigation into the role of substratum topography on cell physiology.
Substratum Morphology Affects Extent of Cell Spreading. Cells seeded on the
grooved substrata spread and aligned themselves parallel to the grooves. The extent
of alignment was a function of groove dimensions. These finding were consistent with
the well known phenomenon of contact guidance. Cells were mostly found confined
into grooves or bridged between grooves; very few cells were found solely on the
ridges (spaces between grooves). The level of cell confinement was a factor of the
dimensions of the grooves.
Development of a cell adhesion assay A quantitative assay, based on
centrifugal force, was developed to measure the adhesive strength between cells and
the underlying substratum. The assay could be used to compare the extent of cell
detachment from smooth and grooved substrata at any given shear stress.
Substratum morphology affects stability of confluent AtT-20 cells. Under a given
shear stress, confluent AtT-20 cells exhibited improved adhesion and stability on
grooved substrata as compared to a smooth surface. The extent of improvement in
cell-substratum adhesion was a function of the dimensions, width (w) and depth (d) of
the grooved substratum.
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Grooved substrata prevent the formation of an extensive cell-cell network.
AtT-20 cells formed a strong cell-cell network on smooth substrata. This caused the
detachment of the entire cell layer when the cells were exposed to shear stress. The
grooved surface morphology prevented the formation of this extensive cell-cell
network. Differences in adhesion performance of various grooved substrata was a
function of the efficiency of the substratum to prevent cell-cell interaction.
Adhesion performance of grooved substrata was a function of its confinement
factor. The ability of a grooved substratum to prevent cell-cell interactions was a
function of its capability to confine cells in grooves, or its confinement factor. The
confinement factor is a new concept developed in this thesis. Confinement factor was
a function of groove dimensions and could be expressed in terms of 'w' and 'd'.
Adhesion performance correlated directly with confinement factor of the substratum.
This suggested the use of confinement factor as an index to design grooved substrata
for enhancing stability of cell cultures.
Roughening the surface morphology of microcarriers improved cell attachment
of AtT-20 cells and their ability to arow on microcarriers.
Substratum morphology affected DNA synthesis in primary rat hepatocytes
Significant differences in DNA synthesis rates were observed when hepatocytes were
cultured on smooth versus grooved substrata. The extent of this effect was also a
function of groove dimensions.
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Modulation of DNA synthesis and differentiated function appeared to be
mediated by the ability of the grooved substrata to confine cells and/or nuclei and. in
this manner. affect cell and nuclear extension. DNA synthesis in hepatocytes
decreased monotonically with increasing cell confinement of the substratum (its
confinement factor). In contrast, differentiated function, assessed by the rate of
albumin secretion, initially improved with increasing confinement factor and then
remained constant with increased confinement. This behavior was consistent when
cell extension in hepatocytes was mediated via other means as reported by others in
the past.
Using the concept that cell confinement can be used to modulate cell extension
and cell behavior, substrata with defined surface topography and chemistry could be
engineered for greater control over cell confinement. A 'rubber stamp' method was
used to create gold substrata with cell adhesive islands. Cell adhesive islands were
effective in controlling cell confinement in two dimensions. This provided a simple and
convenient method to engineer the shape, distribution and function of individual cells
and to control the overall performance of a cell culture. Hepatocytes plated on
substrata with 40gm x 40 lm islands demonstrated improved cell function for an
extended period of time as compared to cells that were grown on unpatterned
substrata. These experiments demonstrated that cell behavior can be controlled by
manipulating hysio-chemical properties of the substratum, even in the presence of
saturating amounts of soluble mitogens and extracellular matrix.
General comments. The response to topography was dependent on cell type
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and was different for the same cell depending on whether or not cell-cell interactions
were allowed. Subtle differences in dimensions of the underlying topographical
features can translate into significant differences in cell behavior. Substratum
topography affects cell adhesion, cell growth and cell function and the ability of the
surface to confine cells is central in affecting these aspects of cell physiology. Clearly,
substratum morphology is an important surface parameter and it can be exploited to
optimize substrata for implants and in vitro cell culture.
8.3 Recommendations for Future Research
8.3.1 More Functional assays to judge hepatocyte function
In all our studies with hepatocytes, the differentiated function was assessed by
measuring the rates of albumin secretion alone. Other measures of hepatocyte
function, such as the rate of secretion of bile salts and other cell-specific proteins as
fibrinogen and transferrin, must be included to confirm our findings.
8.3.2 Decoupling the role of nuclear and cell spreading
Previous methods to control cell shape have not been able to decouple the
effect of nuclear shape and cytoplasmic spreading on DNA synthesis and
differentiated function. The common belief is that nuclear spreading is important in
regulating DNA synthesis, while cytoplasmic spreading modulates other functions,
such as protein production, of the cell. Substrata with parallel grooved surface
morphology can be used as a tool to decouple the effects of nuclear and cell shape on
cell growth and function. In our studies with these substrata, we noticed that in some
instances, depending upon the groove dimensions, the nuclei were trapped in a
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groove and were restricted in their spreading while the rest of the cell was normally
spread. This provides a means to increasingly confine the nucleus without restricting
the rest of cell spreading to elucidate the effects of nuclear spreading on cell growth
and function. If, as expected from the current understanding, this results in an
attenuation of cell growth with no difference in protein production, the grooved
substrata could be useful in applications which require productive, non-growing cells.
This is a common requirement in many immobilized in vitro cell culture operations.
8.3.3 Effect of Substratum Morphology on Product Quality
Glass substrata with parallel grooves and gold substrata patterned with cell
adhesive islands can be used to study how cell confinement affects other cell functions
such as mRNA stability, post-translational modifications, protein processing
(glycosylation) and quality of secreted product
8.3.3.1 Glycosylation
Anchorage of cells (or cell shape) has been shown to affect post-translational
modifications (Kabat et al., 1985). This suggests that modulation of cell shape by
surface morphology or chemistry via confinement could affect protein processing
events, such as proteolysis and glycosylation, in cultured cells.
Preliminary studies were conducted to study the effect of substratum
morphology on the quality of secreted interferon y (IFN y) by recombinant CHO cells.
The glycosylation (site occupancy or macroheterogeneity) in the secreted IFN y was
studied by analyzing the product from cells cultured on smooth and grooved substrata.
The results, described in Appendix A, show that while the rates of IFNy secretion is
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higher on some of the grooved substrata, little difference in the glycosylation (site
occupancy) of the product is observed. These results cannot be used to conclude that
product quality in recombinant cells is not affected by cell confinement. First,
microheterogeneity may be affected even though site occupancy is not. Second, the
level of cell confinement on the grooved substrata used in this study may not have
been high enough to cause any major changes. The substrata with cell adhesive
islands, that offer greater control over cell confinement, should be used. Furthermore,
other cells, such as the C-127 cell line producing recombinant prolactin, should also
be used. The prolactin produced by these cells exhibits macroheterogeneity with
respect to glycosylation.
8.3.3.2 Virus Production
In vitro cell culture will always be important for vaccine production. There is
evidence that shows that extent of cell spreading affects the processing of viral
proteins (Kabat et al., 1985). Elucidation of the effect of substratum morphology on the
level of virus production by cultured cells can be important in the development of
suitable bioreactors for vaccine manufacturing.
8.3.4 Effects on other cell types
Effects of substratum morphology should be studied on cells that are most likely
going to encounter rough substrata. A good example is bone cells. Surfaces of bone
implants are, in many instances, rough. Previous studies have shown that surface
roughness can affect the adhesion of macrophages on the implant surface and that, in
turn, can affect the performance of the implant itself. Using the defined substrata
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developed in this thesis, these studies can be conducted systematically. Other cell
types such as neurons, can be used to study the basic phenomenon of contact
guidance and to develop real neural networks by guiding neurons by either surface
morphology or chemistry. Such applications in neuroscience represent some very
exciting opportunities and are already being pursued by other laboratories (Dow et al.,
1987).
8.3.5 Use and Applications of Patterned Substrata
The rubber stamp technology for preparing surfaces with cell adhesive islands
to pattern cells can be used for several new studies, both basic as well as applied.
These are described as follows.
8.3.5.1 Basic studies
Use of patterned surfaces and defined culture conditions may facilitate analysis
of the basic mechanism of coupling between cell shape and function as well as other
fundamental biological processes that involve changes in cell form or cell-cell contact
formation. For example, this may include studies to elucidate the role of the distance
between cells to initiate cell-cell communication and the role of geometrical shape of
the cell (versus cell extension) on cellular behavior.
8.2.5.2 Applications
New approaches to drug screening, in vitro toxicology, and genetic engineering
focus on analysis of functional changes within individual cultured cells. While
potentially exciting, these approaches are limited in that cell shape and hence, cell
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behavior, can vary greatly from cell to cell within the same population in a culture dish.
Furthermore, it is difficult to analyze many randomly oriented cells simultaneously or to
return to the same cell after making measurements in other locations. Thus, a
convenient method for physically isolating large numbers of individual cells cultured at
high density, controlling their shape, and reproducibly defining their distribution, such
as the one provided by the rubber stamp technology, is extremely valuable.
The chemistry of the self assembled monolayers (SAM) can be altered to
provide desired qualities, incorporate specific ligands, or present chemically active
group for subsequent covalent coupling (e.g. tosyl group) of soluble protein. This
flexibility in surface chemistry permits preparation of patterned surfaces with varying
degrees of surface charge, wettability, interfacial energy, and resistance to protein
adsorption. The need for serum in the culture medium also can be circumvented by
coating stamped substrata with purified ECM proteins and using chemically-defined
medium, as we did in the present study. This ability to avoid use of serum may be a
particular advantage for uses that involve screening for growth factors and other cell-
specific functional modulators. In the future, it may be possible to engineer the entire
culture system by incorporating synthetic peptides (e.g., RGD peptides, Fab
fragments) or genetically engineered proteins (e.g., antibodies) as specific cell
adhesive ligands.
In addition, this method may provide a new way to control cell shape and
function in both small and large-scale cultures. For example, preventing cell extension
using the rubber stamp approach could be used to synchronize large populations of
cells in interphase without pharmacological intervention, increase rates of production
of specific proteins, or stimulate relevant metabolic or secretory pathways. It also
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provides a way to culture cells at very high density while, at the same time, isolating
each cell from its neighbors and holding it in a predetermined location. In principle,
based on its location, an index number could be assigned to each patterned cell. This
would facilitate choosing cells with desired characteristics and returning to them
multiple times. This latter property may be very useful for automating drug screening
and procedures in toxicology that utilize single-cell functional microassays; for
applications in genetic engineering that require micromanipulation or microinjection,
such as generation of transgenic animals; and for fabricating sheets of cells in defined
patterns and shapes for use in tissue engineering.
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Appendix A. Effects of Substratum Morphology on Growth, and Productivity of
rCHO cells.
Preliminary experiments were conducted to study the effects of substratum
morphology on the growth and function of recombinant animal cells. A recombinant
Chinese Hamster Ovary (CHO) cell-line, producing human interferon was used in
these experiments. Quality of the secreted interferon from CHO cells cultured on
different substrata was also evaluated by analyzing the glycosylation patterns of the
protein. Three grooved substrata, with groove dimensions shown in Table Al, were
used along with smooth surfaces as control.
To ensure homogenous cells seeding, cells were plated on all the substrata in a
common petri dish using the same cell suspension. A sparse seeding density was
used. After allowing 24 hours for cell attachment, each substratum was removed from
the common petri-dish into individual wells of an 8-well plate. Medium was collected
and replaced with fresh medium every day.
Cell metabolism and growth on the various substrata was evaluated by
measuring the rate of lactate accumulation in the culture medium. The rate of lactate
production on the various substrata is presented in Figure Al. Based on lactate
production data, cell metabolism does not seem to be affected by the underlying
morphology. Assuming that lactate production is proportional to cell number, this data
also indicates that cell growth is unaffected on the various substrata.
The production of IFNy from cells cultured on the various substrata is presented
in Figure A2. Clearly, it appears that no significant differences in IFNy productivity
exist during the early part of the culture. However, significant difference in IFNy
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Profile of Substrata
* Control Surface: Smooth
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Characteristic dimensions of substrata used in CHO cell experiments.
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Figure Al. Rate of lactate production by CHO cells on different substrata.
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Figure A2. Comparison of Interferon y production by rCHO cells on different substrata.
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productivity between smooth and grooved substrata are obvious around 147 hours of
culture. Quite remarkably, differences between the various grooved substrata is not
significant.
The difference in the rate of production of IFNy prompted an investigation of the
quality of the secreted IFNy. Product quality was evaluated by analyzing the IFNy with
a western blotting procedure (Chapter 3). Western blot of samples taken at 147 hours
of culture from grooved substrata (15 x 9 x 10 m and 9 x 5 x 5 gem) and smooth
controls is shown in Figure A3. The protein pattern appears similar for all the samples,
indicating that the same quality product is being secreted from cells on the different
substrata. A densitometer analysis confirmed this observation. The relative amounts
of the protein in different bands was the same for all samples. The difference in
intensity of bands between the grooved and smooth substrata confirms our finding that
the samples from the grooved substrata contained more product than smooth surfaces.
One possible reason for this difference is a difference in number of cells on the
different substrata. However, because the lactate production in different substrata is
identical, this appears not to be the case. These preliminary results show that this
phenomenon must be evaluated further.
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Figure A3. IFN y Western blot analysis of culture supernatant. Densitometery
indicated same proportion of all glycoforms on the different substrata (no
macroheterogeneity). However, the amount of each form was different. Photocopy
does not show the lighter bands on the smooth surface.
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